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FOREWORD 


In  accordance  with  the  plan  of  the  Science  Council  on  Magnetism 
at  the  Academy  of  Sciences  USSR  and  the  resolution  of  the  presidium  of 
the  Academy  of  Sciences  of  the  Latvian  SSR,  the  Institute  of  Physics  • 
of  the  Latvian  SSR  Academy  of  Sciences  has  called  together  In  Riga,  In 
June  i960,  the  second  conference  on  magnetohydrodynamics. 

The  work  of  the  conference  was  done  In  four  sections:  theoretical 
magnetohydrodynamics,  plasma . theory,  experimental  plasma  physics,  and 
applied  nagnetohydr ©dynamics. 

In  attendance  at  the  conference  were  approximately  500  persons 
from  different  cities  of  the  Soviet  Union.  More  than  140  papers  and 
communications  were  heard. 

The  present  collection  contains  the  abbreviated  texts  or  abstracts 
of  most  papers  delivered  at  the  conference.  The  texts  of  the  papers 
were  presented  by  the  authors  themselves,  and  the  editorial  staff  made 
no  changes  In  them.  Consequently,  there  Is  no  adherence  to  a  rigorously 
unified  notation  for  the  physics  quantities  in  the  collection. 
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FUNDAI'EOTAL  EQUATIONS  OF  RELATIVISTIC 
MAGNETIC  GAS  DYNAMICS 

K.  P.  Stanyukovich 
Moscow 

In  the  present  paper  we  present  a  rigorous  derivation  of  the  equa¬ 
tions  of  relativistic  magnetic  gas  dynamics  in  the  case  of  finite  con- 
ductlvlty,  and  a  transition  to  the  classical  limit  Is  given. 

We  do  not  give  here  the  precise  dependences  of  e  and  |i  on  the 
character  of  the  processes  that  occur  In  the  medium,  but  these  quanti¬ 
ties  2ire  assvimed  to  be  variable. 

In  specific  problems  where  there  Is  a  considerable  electric  field 
in  the  systems  own  frame  of  reference,  and  also  In  other  cases,  com¬ 
plete  solution  of  these  problems  calls  for  knowledge  of  e  and  p.  as 
functions  of  the  process  or  of  the  state  of  the  system;  this,  however. 
Is  already  in  the  realm  of  relativistic  plasma  kinetics.  In  the  deriva¬ 
tion  of  which  we  shall  not  engage  In  the  present  paper. 

Many  problems  arising  in  the  case  of  good  conductivity  of  the 
medium  can  be  solved  by  means  of  the  relations  Indicated  here,  some  of 
which  are  presented  for  the  first  time  in  the  form  proposed  here. 

Of  greatest  Interest  are  motions  possessing  symmetry. 

1.  DERIVATION  OF  FUNDAI-EOTAL  EQUATIONS 

Let  us  derive  the  fundamental  equations  of  magnetic  gas  dynamics 
In  general  form  for  the  relativistic  case. 

The  motion  and  energy  equations  can  be  obtained  from  the  well- 
kiiown  expression  [1] 

-  1  - 

FTD- TT-62- 1301/1+2 


(1) 


wnere 


hk  =(/»  +  *)  «,"*  +  S/jP  +  — 


Is  the  macroscopic  symmetrical  energy  momentum  tensor; 


[da,  ,  du^  ,  dll, 


is  a  tensor  that  takes  into  account  the  dissipative  processes  (viscos¬ 
ity);  ij  and  5  are  viscosity  coefficients;  e  =  pc^'is  the  volume  energy 
density,  where  p  is  the  density  (including  the  internal  density);  = 
=  a^ce;  =  i/e  are  the  four- velocity  components;  a^  are  the  compo¬ 
nents  of  ordinary  velocity;  G  =  %/l  —  (a^/c^),  where  a  is  the  total 
velocity.  Besides,  the  quantities  p  and  e  are  reckoned  in  a  reference 
frame  in  wh^ch  each  element  of  the  medium  is  at  rest  (the  K  reference 
frame),  and  is  the  symmetrical  electromagnetic  field  tensor. 

The  usual  expression  for  the  tensor  T^j^.  with  e  1  and  p.  ^  1  has 
the  form 

(3) 

Here  and  are  referred  to  the  K'  (observer)  frame,  rela¬ 

tive  to  which  the  K  frame  moves  with  velocity  'a'  (along  the  x  axis). 
This  tensor  is  not  symmetrical.  However,  the  tensor  must  also  be 
symmetrical  (the  tensors  and  are  antlsymmetrlcal) . 

It  was  already  shown  by  Abraham  [2,  3]  that  a  symmetrical  tensor 
^Ik  expressed  in  the  form 


where 


q'  =  itj^i  {//'ta,  +  Mia,  4-  fy=  /v>a, , 

Q'.  =  u.«f'  -f  KaJ;  if  I  =  mW 
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The  expressions  for  can  be  written  In  the  fom 

However,  It  Is  most  convenient  to  use  an  expression  of  the  form 


It  Is  easy  to  verify  that  in  the  reference  frame  (K)  in  which  each  ele 
ment  of  the  medium  Is  at  rest,  the  e:q)resslons  (4-6)  for  are  equlv 
alent  and  consequently  they  are  equivalent  In  any  Inertial  reference 
frame  K* . 

In  the  system  K  we  have  Uj^  =  =  0,  Uj^  =  u^  =  1,  and  therefore 

the  separate  entry  tensor  is 


"A  ~  — *Q|»  — 0. 

Further,  and  therefore 


The  first  term  of  this  expression  obviously  Is  equal  to  zero.  In  fact, 
when  1  =  1,  2,  3*»  we  have  u^  =  0  and  when  1  =  4  we  have  P2^2j  =®  ^44  -•  0. 
It  Is  obvious  also  that  when  1  =  4  we  have  =*  0,  Inasmuch  as 

When  1  =  a  we  have 

Q.  =  -/yV/„= [£«],.  (7) 

Inasmuch  as 

=  ?«  =  0,  F„  =  /Q.  =  /=;«««, 

we  get 

^  =3  ^  j. 

dx^  dxf~^  dx^  dx^' 

If  1  =  4  then  S54jc/^1c  =  1  =  a  we  have 

_  ^.'4  _  (8) 

dx,  <Jx,  udt  cdt  ’ 

In  the  K'  frame,  relative  to  which  the  K  frame  moves  along  the  x  axis 
with  velocity  a,  we  have 
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»,  =  //,  =  0.  = 


u; 

-I  y  • 


Ilk  ««  tf  »Ql= 


o; 

/jQ, 
rt»  • 

0 

0 

yjO* 

a 

0 

10 

Aq 

c»  • 

0 

0 

i^Q 

0 

0 

Ihasimich  as 

^  ^  +  q;  =  ^' + q;  Di*  7. 

dx^  o**  <1* 

where  ds  =  6cdt,  we  get 


where 


We  can  write 


n  •  ' (d-  •  I 

5:^“7\*'5+Tr/“ 

1  r  •*  ■*■  ■*■  a  dfll 

=  ±  [div  a  +  {a .  grad)  a  +  ^gj- .  . 

f  I  1 


df,»  1  d[£/?i. .  *  .  «  M 

d7,  = 

d;?jt  _  J_  d{£//}^  ^  ,  [ch\  ,  f(3jy^  >  °  (11) 

dxk~cii  dr  rtJ  d/J' 

dr<»  ia  dj£//|^  /a  rpCn 

Ihe  tensor  refers  to  the  X'  frar:e,  and  therefore  the  tensor  conpo 
nents  ^'llc  should  also  be  referred  to  the  K'  frame. 

Thus, 


In  the  case  of  an  arbitrary  vector  a  we  must  =  ^Ic^l  Eean' 

-  4  . 


s 


the  tensor  obtained  from  the  tensor  by  raeains  of  the  ordinary 

Lorentz  transforaatlons.  The  sane  remark  pertains  also  to  the  vector 


The  field  tensors  are 

-a;  0 


0  f/,  -H’  -iEf; 

-//»  0  Hi  -Ilf, 

//;  -Hi  0  -Hi  ’ 
iOl  IDl  id,  0  . 


L  ^4*  id.  Q  A  L  iD\  IDl  id.  0  j 

where  IT',  "S' .  1d'  are  the  vectors  of  the  magnetic  and  electric 
fields  and  Inductions,  referred  to  the  laboratory  frame  (K')  (station** 
ary  obseirver). 

In  order  to  change  over  to  the  K  frame  In  which  each  element  of 
the  medlvun  Is  at  rest.  It  Is  necessary  to  carry  out  the  Lorentz  trans¬ 
formation. 

In  the  particular  case,  assuming' that  the  motion  of  the  frame  Is 
along  the  x  axis  with  velocity  a,  we  arrive  at  the  relations 


d.=D. 

.K- 

II 

B'.^B. 

where  if,  and  ^  are  referred  to  the  frame  In  which  each  element  of 
the  medlxjm  Is  at  rest,  it  belr^  assumed  further  that  K"  =  pJT  and  1^=  e^. 

In  the  general  case  it  is  necessary  to  take  the  projections  of  the 
velocity  a  along  the  coordinate  axes  a  ,  a  ,  a  and  carry  out  a  gen- 
eral  Lorentz  transformation,  or  assume  that  the  orientation  of  the  x 
axis  changes  frcm  one  element  of  the  medium  to  another.  For  motions 
having  central  symmetry  it  is  necessary  to  identify  the  x  axis  with 
the  radius  r,  and  then  the  transfcrmattcr.s  will  be  valid  for  a  special 
element  of  the  medium  (the  observer  is  at  the  sj—etry  center). 
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Let  U3  write  In  the  form 


r,.=^r. 


tji  — I 

r - JZ - ?■/ 

T*# 


Where  In  the  K'  frane  Is  given  by  Expression  (3): 


T.»  =  ^ 


As  Is  well  known  [4] 


*  P'  Z  j.  *  f//  P* 


Here  are  the  components  of  the  total  current  vector  (the  sum  of 
the  conduction  and  charging  currents). 

(17) 

r,=-^Us-^aZ),  4.,=/,.,  /4=fc2'=t(«+jA)  (1®) 

(6  Is  the  charge  density),  and  =  (J„,  1  ,  J,)  are  the  components -of 
the  conduction  current; 

dx,-4--[F^*‘/*+--^-5:j-+4;j-S5^J+e»,  (19) 

where  f’^^  Is  the  force  exerted  (In  the  K'  frame)  by  the  field  on  the 
conducting  medliim. 

From  (l)  we  have 


^Zi*.  __  fIZil —  p’.'  I  — 1  ,  5/*  d(«?)  cj  /pn) 


Calculations  yield 


h'  _  1  /pi  A  .  \  liiil  da 

sA  Ox, I  4^  -p— 

<^(-}")  =  1^^.  d(t;t) .  fiu  d  (eji)  _  f£^,^  d  (,pi) 

4s  dx»  4sa  dj  ’  4s  dx*  Ax'  ds 

^d(e:i)_/afE/7LdM 

4s  dxt  4sce  di  ■ 
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(We  see  that  Inclusion  of  the  supplementary  tensor  i' gives  in  gen¬ 
eral  a  small  correction  to  the  main  tensor,  of  order  \/c.x,  where  1  and 
T  are  the  characteristic  length  and  time  for  the  investigated  process.) 
Thus 


^  M  m  m 


.  [£/y|,d(tit)  ty  — 1 
^  4=e>  ds  4* 


[E«|,  da 


■h 


dx, 

Where  3=1  when  a  =i  1  and  3  =  0  when  a  =  2,  3* 


(24) 


4r.f  r 


mida 

etF  dt 

^  d* 

airt _ 

dT.t 

dxt 

.  dxk  ‘ 

d7i_ 

dla 

dx. 

I  2 


A- 


(25) 

(26) 
(27) 


In  order  for  the  system  (26,  27)  to  he  closed,  we  must  use  Maxwell's 
equations 


dFit  ,  dFa  dFu  __  Q. 


dHi^  4—  .» 
-  Jt- 


dxt  c 

In  vector  form  these  equations  are  known  to  be 


(28) 


divB'  =  0; 


Axt  ,  I  OOr 
,ct/f=-y +--5p; 

rot  C  - 37  . 

c  ot 


(29) 


divO'  =  4rr; 

We  recall  that  the  system  (29)  has  only  six  Independent  equations, 
since  the  components  rot  IT'  and  rot  £’  are  connected  by  the  relations 
dlv  rot  =  0;  div  rot  =  0.  In  addition,  it  is  necessary  to  use 
Ohm's  law  and  the  equations  of  state  (the  connections  between  ^  and  X 
^  and  1?).  For  a  movlTig  medlima  Ohm's  law  has  (in  the  K'  frame)  the  fol¬ 
lowing  fora  [3): 


mm 


(30) 


where  X  Is  the  conductivity. 

]ji  vector  form  Ohm's  law  Is 

I 


for  E'Ja 


forf'Xa 


V/hen  a  =  0  (in  the  K  frame)  we  have 

i^U  =if. 

where  3^^,  is  the  conductivity  vector. 


(31) 


(32) 


The  equations  of  state  for  moving  media  have  the'  form  [3] 

F'kn,-{-FuUi-\-F!Mk  =-  ;t  (//>i+  //*V,+  Hl/tk).  (33  ) 

In  vector  form  these  expressions  can  be  written 

for  £'IIa 


=  e.(F  +  ^); 
for  ff'lja 


for  £'J.tt 


■♦a*) 

+  E£’pj  =  £(£•  +  £»); 

for  W'Xo 


(34) 


tA  •?!2 


Eere  E"^,  E^  and  H~  are  small  corrections  tc  the  quantities  and 
S’'.  Let  US  now  transform  the  fundamental  equations 

dT%  d{p  +  t)3p^  ,  /-c^ 

dx^  dx,  ^  dxf  V*  (35) 

Vfe  introduce  the  heat  content  W  =  (p  +  e)V,  where  V  is  the  specific 
volume;  then,  neglectlr^  the  viscosity,  l.e.,  putting  =  0,  we  can 
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>1  jwjiiy 


rewrite  (35)  In  the  form 

dm) 


^T7  A 

^VWu,^  +  V^^-Vr,. 


“*  "“‘  Ac*  ^'dx, 

Inasmuch  as  dW  =  Tda  +  Vdp,  where  T  Is  the  temperature  and  o  the  en¬ 
tropy,  we  get 


r^- Vf 

d5  ^  dx,^  *  dx.  '  Ax.  ^h' 


dx,  -'dx, 

Taking  the  scalar  product  of  (36)  and  u^,  we  obtain 


'^1^- 


rif+vf.,. 


We  now  write  relations  for  the  material  flux  density 

d(ntt)  _  dV,  • 


(36) 


(37) 


(38) 


dx, 

where  n  -  l/V  Is  the  number  of  particles,  Vj^  the  components  of  the 
vector  that  take  the  heat  conduction  Into  account 


/rV 

[4 

[dx, 

V,  =  - 

<  Is  the  heat  conduction  coefficient,  and  il  =  W  —  To  the  chemical  po¬ 
tential  of  the  medium. 

Neglecting  heat  conduction,  we  obtain  from  (38) 


dx. 


and  therefore 


r  do 


-0, 


dQ 


(39) 


(40) 


V  As  VAs 

where  dQ  Is  the  elementary  amo\mt  of  Joule  heat. 

Inasmuch  as  the  ratio  T/V  (for  any  medium)  Is  Invariant  (sigalnst 

the  Lorentz  transformations),  and  ds  auid  do  are  also  invariant,  the 

relation  (40)  will  hold  true  also  in  the  K*  frame.  When  u  =  0.  Ui,  =  1 

a  '4 

■  -  '■"■U 

we  have  in  the  K  frame 
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V  a;  ’  a + "- 1)  •  ( i ) 

Inasmuch  as  E  =  j/^#  we  have 

Tdr,_T^^^  T±  J_(P  ^  M  (42) 

V  ds  cV  lit  Vcdi  cX'^  irx\'J  dt'^  dt] 
or 

d/  i  8^\X~  dt ^  dt}' 

where  dQ/dt  is  the  Joule  heat  produced  in  the  medlim  per  second  as  a 
result  of  Its  finite  conductivity. 

In  any  frame  K'  we  have 

Vds  Vds  fl  8rJl*  ds  8s  di*  ^ 

In  the  case  of  Infinite  conductivity 


If  p  la  constant  we  have 


dQ  --  dy 
(X •»■«>).  fU  ~  8x  dt‘ 


dQ/dt  =  0, 


Let  us  now  rewrite  (36)  (neglecting  viscosity)  in  the  form 

d{Wa,)  ,  dp  ,,  ( 

~dr~+di“ 

When  i  =  a  we  have,  using  I-Iajavell ' s  equations 

-{-  jg-  JL  [[rot  -  -1^  +£'«div£>'J+ 

Vhic^dt^  dx,  4sV  c[ot  i,  ‘  I 

^  f!^  il  .  [|5?  ^  .  Diy  a  U 

■^4-^y'+?  dt  ^  4=  \  dx,  \(^c*  d/ 

+  SsTdx.  ‘  ”  dxj'  ’ 

(0  =  1  for  a  =r  1,  p  =  0  for  0  =  2,  3);  for  i  =  4  we  have 
VHd/  dt  4s\ 
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giggle 


,D,va)  +  -^-j^-  J+gr^t  S7  +  "  0tl 


±_d  d 
dt~  di'^“>dx,' 

In  these  equations  It  Is  necessary  to  change  over  with  the  aid  of  the 
transfoimatlon  (l4)  and  the  equation  of  state  from  the  quantities  B' 
and  2^*,  If'  to  the  quantities  ?  and  IT.  Equation  (48)  Is  not  Independent 
and  can  he  derived  from  the  equations  (47,  39,  and  4l). 

The  continuity  equation  (neglecting  heat  conduction)  can  be  writ¬ 
ten  In  the  form 


dlnV  1 


or  In  the  form 

dInV  dlnV,  dlnV  „•*.  a  da 

-3r-Tr+'’<-3^-*’'«+?5r»-  (50) 

It  is  easy  to  verify  that  the  system  (47,  50,  29)  together  with 
the  equations  of  state  and  Ohm's  law  is  a  closed  system  (in  which  the 
number  of  unknown  functions  equals  the  ntjmber  of  equations). 

From  Maxwell's  equations  we  can  obtain,  by  eliminating  the  elec¬ 
tric  field  conponents  (^'  and  ^' )  a  single  equation  relating  the  com¬ 
ponents  of  the  magnetic  field  (If'  and  ^' )  with  the  velocity.  In  fact. 


Inasmuch  as 


-  P  e, + =•)  -  j  {<  (s'- + [f  S’] J + «•}. 


we  can  write 


Further,  inasmuch  as 


■*  I  f  - 
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i=/.,c, 5®:. 

f  e  ot  ’ 


we  have 


,  Cf*  f  ,rr  1  ^Dr\  s  ,  fa  ^1 

- '  T  +  Ts:  r  "  -  T  •«)  -  ^  + 1?  ®^1- 


Takliig  the  ctirl  of  both  halves  of  the  equation  we  get 

.f-?.  7  ^  ai  .►  d  oi  , 

-^---rcil23l=/c-^-^-kc^-.-  + 


E:q)resslng  X  In  terms  of  the  magnetic  viscosity  =  cV^ttX,  we  arrive 
at  the  equation 


In  addition  to  (5^)»  In  solving  the  entire  system  of  equations  we  must 
take  Into  account  the  remaining  three  Ilaxwell's  equations;  we  have  al¬ 
ready  made  use  of  one  Maxwell  equation  (52). 

If  ?  =  T(r;  t),  l.e.,  the  velocity  in  any  noncurvllinear  system 
of  coordinates  Is  directed  along  the  radius  vector,  or  If  there  are  no 
charges,  6  =  0,  then 

4-,o„S!=,o,{,.e(-,o,^  +  i^)).  (55) 

If  the  conductivity  Is  Infinite  =  0,  then 

-^_,otlaffj  =  0.  (56) 

If  the  cediua  moves  with  a  velocity  approaching  £  (©  -*•0),  then  the 
term  ro:|v^H|— rol/f +  p^j|  =s,0.  ,  the  free  charges  also  tend  to  zero  (6  =  O), 
and  Eq.  (56)  holds  true,  for  when  a  =  c  only  a  pure  field  can  exist. 

It  Is  convenient  to  Introduce  the  vector  potential  '9'  of  the  mag¬ 


netic  field 


rot  ip'  =  3' ; 
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than  =  — (l/c)(ciT'/^'t),  where  it  Is  necessary  to  put  dlv  T'  =  0;  Eq. 

(54)  can  then  he  rewritten  as 

y  •'><“5  + v,e[—rof (58) 

Carrying  out  the  transfomatlons  we  arrive  at  the  equation 

-f  -  - 1;  rot;*!  =7:it  v,aS  +  v,B  {l  + 

+  ,ot/>+-Li^P-  +  f|i-[vlrci;']);  (59J 

here  or  E®  =  ?  or  (see  (3^)). 

I  C 

Inasmuch  as  we  have  on  the  right  side  the  quantity  —  we 

f.  ^  t?di*  ’ 

can  conclude  that  a  disturbance  propagates  In  a  dispersive  ("viscous") 
medium  with  a  velocity  c*  =  c/^/^. 

If  e  =  1,  p  =  1,  then.  Inasmuch  as  E®  =  0,  H®  =  0,  we  arrive  at 


the  equation 


^  -{arof?I=i 


If  6  =  0,  then  Eq.  (60)  for  specified  aT  determines  V'*  When  e  =  1,  p  = 
=  1  Eq.  (54)  can  be  reduced  to  the  form 

y  i""'i  ”  T  ('  •-“®)  w)+ 

la  the  classical  approximatlcn,  (54)  becomes 

F.fj)  +  [rot  5  -  A  +  J.  [v  -1  fl ]}.  (62) 

If  e  =  const,  (i.  =  constFthsn  762)  assxxmes  the  fora 


(62) 


(63) 


+  [&-(, (63, 

It  Is  very  frequently  possible  (and  customary)  to  neglect  the  displace- 
ment  currents  (the  quantity  ■^)»  then  (62)  greatly  simplifies 

+{a(.ot«+f[v|-B])}i  (64) 


when  p  =  const  we  get 


Equation  (59)  assumes  In  the  classical  case  the  form 


d?  t'*'  ^ 


If  we  neglect  the  displacement  currents,  we  obtain 


^  rot?]}; 


when  p  =  const  we  get 


V  ^ 


This  equation  Is  very  convenient  for  the  solution  of  specific 
problems . 

2.  PLAIIE  AND  CYLEIDHIC.AL  WAVES 

Equations  (35)  in  ^  cylindrical  coordinate  frame,  in  the  case  when 
the  velocity  is  directed  along  r  and  is  a  function  of  (r;  t),  assume. 


Inasmuch  as 


the  fora 


A  =  (o,==a;  a2  =  o,  =  0)  X,— r, 

Qt  Ct  Vf 


W  1  (da  ^  Ja\  ,  a  /JIT  ,  (JU5"\ 

I'r'HJ  h!\  tJ/  ^  drj  Vcht  \  df  dr  / 
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m: 


(69) 


J  low  ,  0W\  Op  ,  ird  1  lOa  .  da\ 

V'H  -  r«//  ^  Or  j  -  Of  +  V?'  ^  \  dt  ^‘d?j  “ 

Equation  (50)  can  be  written  In  the  form 

{d\nV  OlaVt  1  Ida  t  _n  f70^ 

Where  N  =  0  for  plane  waves  and  N  =  1  for  cylindrical  waves.  Since 

Divi;=  JLfJL/ifL+ 

cHlirfi\dr^^.dti  r  j* 


we  have 


-  K-  {(lot  tri].—'-  [-^  5[+£;i»»j:+ 

I-  Ij  -  -1-  [y  +  ^*  *»  O’  I  + 

,  i:i-l  [\EH],  da  ff,  ,  d>\  da  ,  2a  da  .  Na\ 

,  dfg4.a. 

d#  I’ 


(71) 


(72) 


.  x('“i'[»(s+7s)+^]+^)’ 

Maxwell's  equations  and  (54)  simplify  somewhat  In  this  case.  The  slmp- 


(73) 


lest  and  most  Interesting  case  of  motion  is  when  fg  =  f^  —  0;  then  p  = 
=  p{r;  t). 

Here,  obviously,  [STig  ^  =  0,  from  vrtiich  It  follows  that  there 
can  be  two  cases  of  motion:  either  E  =  Eg  =  2^;  H  =  or  E  =  = 

=  B^;  H  =  Hg  =  I!^,  In  a  cylindrical  coordinate  system  In  the  K  frame. 
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We  then  have  Identically  in  Ec3.  (72)  f'g  ==  =  0  ^ind  6  =  0. 

In  the  first  case  we  h.ave  in  the  K'  frane 

£•-{»; ir(^»+T4‘’}- 

In  the  second  case 

//'^{O;  (//,  o};  £'  =  {0;  0;  iff,-- Ifl,)} 

(and  corresponding  expressions  for  B'  and  D')* 

In  the  case  of  plane  waves  (one-dimensional  motion)  the  problem 
reduces  to  the  first  investigated  case.  Then 


JV=0:  Ef  =  Eji  r  =  x. 

We  consider  now  the  case  of  infinite  conductivity  (X-*»).  Then 
£  =  0;  £',  =  0:  D;  =  0: 


-  r„-  ■  -  'B-  • 


dx,=di:; 


if—  —  dD’  ,  hP 
-  ^  ^1+ 


The  equation  cB^'/dt  —  rot  [a3’  ]  =  0  for  the  magnetic  field  (5^)  as* 
sumes  in  cylindrical  cocrdina-es  the  form 


da’,  .  dCcB,',  d[rB'A  ,  a(crs;)_„  (77) 

dt  dr  ’  dt  dr 

fl;=5,=5(/), 

but  it  follows  from  the  condition  div  3^  =  0  that  3^  =  const. 

r 

If  H  =  or  H  =  then  ve  have  fg  ^  =  0  identically  in  (75). 
Let  tts  examine  in  greater  detail  the  two  cases,  when  H  =  and 


when  H  =  The  first  case  was  already  considered  by  us 
f or  N  =  0  [41. 

In  the  first  case  we  have  In. the  K*  frame 

//, 


//.- 


II 


_»  aB,  aB 


H  »• 


J_l^] 

cdt  \  fB  J 


d 

dt 


In  the  second  case  we  have  In  the  K'  frame 


«»  //,_//  j  aa-f 


aB:, 


aB 


B 


B 
B  ' 


^O. 


oH, 

<B 


oH 
c9  ‘ 


„  I  fB  (t  d  rH  .  d  o//\  .  //*  djil 

44b  I/-  Or  B  ■^75r  cB/"**  2 

.,  /  fag/1  ^  >//  .  a  aH\  .  H*df\ 

4wl«  \r  dr  B  rd^  cB/  2  d/J* 


jd  S 
dt  » 


^'B 


dr 


=  0. 


Both  cases  can  be  conblned.  Inasmuch  as 
H 


ir  =3 


B  ^  a  B  rv  —  "^ 
B'  —  ^  fH’ 


H  • - B  *  "  f  B 

we  have  the  following  ecpiations: 


,Wa 

.  dU/ 

,  { 

31  ^  d  rH 

.  0  aH\ 

."*+4 

cH’Jt 

+  -dF 

+  4il 

B  V  dr  B 

^  dot  H  1 

'+Td;r 

it 

^  H 

dU7  , 

V  laB 

/  ,  d  rH  , 

d  aH\ 

IB  dll) 

-da 

Bdi  ~ 

17  + 

4»l0 

r  dF-B-+ 

rat  B  ) 

~T  d/j"* 

-^di 

d  d  r  ''*‘— ‘aS 


d<  B 


dr 


0 


=  0; 


previously 


(78) 


(79) 


(80) 

(81) 

(82) 

(83) 
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-[di  lPVld\t  , 

^\dt'^‘^\)r}~  (84) 

Equation  (82)  Is  the  consequence  of  Eqs.  (8l,  83,  and  34).  Here,  m  =  0 

when  N  =  0.  When  N  =  1  we  have  m  =  0  If  H  =  and  m  =  1  if  H  = 

z  (p 


The  continuity  equation  (70)  can  be  written  In  the  foiin 

aj!L 

T  +  (85) 


Comparing  (83  and  85)  we  find 

BV  =  b  (o)/''**  =  b  (oy*. 

Where  b(a)  is  the  entropy  function. 

If  H  =  (when  N  =  0  and  N  =  1),  then 

BV^bla). 

If  H  =  then 

BV=6(o)r. 

We  now  Introduce  the  total  heat  content 

tt7»  =  I  I  . 

^  4»-  +4kjiW’ 

then  Eqs.  (8I,  82)  can  be  written  In  the  form 


• 

dlT’ 

nnvfdXnb  , 

a 

d\nb\ 

c-0dr 

dr 

dr 

8n  dr^ 

■4r.0-’\  dr  ' 

F 

dt  ); 

• 

dlt'* 

.  ff'Vd-,^ 

.  BHVolOXnb 

+ 

a  dInM 

Hd/  ‘ 

dt  ■ 

Sr.  dt  ^  -Jr-H-  \  dr 

r*  dt  I 

Inasmuch  as 


0  c)\i7* 


\ 

0  ) 

'  \  c-H(3/  dr  J  ' 


0d/  dt  \  c'H,li  ^  dr  r  • 

we  can  readily  verify,  by  taking  (84)  into  consideration,  that  the 
equations  (90  and  91)  are  actually  equivalent. 

Thus,  the  solution  of  the  problem  reduces  to  the  solution  of  the 
equations 
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(93) 


^  w 

<*Tr 

c/U^'* 

r'>’  ^  -  . 

Hd/ 

■  dl 

,  It 

1- 

' 

.  r'- 
^  VH 

,  ^  pH  (V 

~hr 

T  ti' 

•  V  df  St 

It  Is  necessary  to  bear  In  mind  here 
medliun  p  =  p(Vj  T)  and  the  identity 


.  BflValOlr^b 
■  \  cir  ■  ?  /' 


sv=^b{o)r-, 

-d;t_  ■ 

Tr  ■ 

-he  equations  of  state  of  the 


d(T;s) 


(94) 


If  p.  =  const  and  a  =  const,  then  the  problem  reduces  to  the  solution 
of  the  equations 

^£1 

Hdt'  ~ot  ~  Ji  dr 

We  must  specify  here  the  isentrcpic  equation 

W  =  W(V), 

and  then 


0 


.-11 1- 


(95) 

(96) 

(97) 


It  is  now  convenient  to' rev.Tite  the  system  (95)  iu  the  form 

1  (da  ,  ,  JclaiC''  ,  a  dlnU?''\ 

<-J- \ cT  ^ °  c.'.' /  ‘  \  tV  '  dt  l~  ‘  (9c) 

/(Mr,  I'  dInVl  I  .  C  -Ja]  ,  Xj 
-  I- dT +  "  -a?-}  ^  -  \cr  7^-  -Jtl  ^  ^ 

It  is  convenient  also  to  intrccuce  rhe  Eener-alised  velcciry  of 

in  the  medlina  [5] 


and  then  (93)  assumes  the  form 

i,  (^  •  a  ^  =  i'^1  -i-  f-  ^  0 

\  ^  ^  vrj  \  dr  cd  dt  ) 


If 


l-.T^  *  -i-.-i. 


(ICC) 
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( 


with  Q  _  0  for  an  ultrarelativlstlc  gas  and  a  =  1  for  a  relativistic 
gas,  then 


. V  -  *  4-  d  !n  / 


- - - - \  d  la  w 

IW*”"'  ■  «' 


(101) 


Inassiuch  as 


.ir*  Td/i*  =*  IMp  +  V'Jp.„. 

the  supplementary  magnetic  pressure  p^^  can  be  determined  from  the  re¬ 
lation 

ipM==~d(BHV). 

Equations  (99,  100)  are  very  convenient  for  the  solution  of  specific 
problems. 

3-  CLASSICAL  TRANSITIOM 

It  Is  easy  to  obtain  the  classical  approximation  equation  by 
starting  from  the  relativistic  equations. 

The  equations  of  motion  and  er.ergj^  (disregarding  viscosity  and 
heat  conduction)  (see  Eqs.  (4?  and  43))  assume  the  form 

'1'":-’+ -  ■-[# 

<i\v  _  dp  f  fn  ’tin) 

Vdl  ^ '  VW  -  f  S) + 

+  w{^y  +  "’l)-  (“3> 

Since  W  =  1  +  c^,  where  1  is  the  classical  heat  content,  these 
equations  can  be  written,  neglecting  the  displacement  current.  In  the 
form  (Inasmuch  as  V  =.  l/p) 

d'*M  ,  da  I  ^  •  — 

df-  +  ^  f .  <J  i»  £>)  - 
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f 


j?+^r-7  f«5) 


The  continuity  equation  —  see  (49)  —  can  be  Immediately  written  down 
In  the  form 

din  a 

(106) 


dinp  .  j.  ^ 
-j]p+divfl=0. 


Introducing  rot v  =  2;  ,  we  can  arrive  at  an  equation  that  defines 

In  the  form  (see  Eq.  (59)) 

Here,  however,  the  last  two  terms  are  Insignificant 

(•-“# 

% 

The  equation  for  the  Joule  losses  assumes  the  form  (see  Eq.  (43)) 

+  +  (108) 

at  'AV^SrJ.dtl^Sxf'W' 

The  energy  equation  (lOp)  is  the  consequence  of  the  equations  (104, 

106,  and  108). 

In  the  case  of  infinite  conductivity  {\  -*  a)  we  have 

(109) 

Thus,  Joule  losses  arise  in  the  case  of  variable  magnetic  perme¬ 
ability. 

4.  ALLOWANCE  FOR  THE  DEFEfIDENCE  OF  e  AJJD  p  ON  THE  SPECIFIC  V0LUI<!E  AID 
ON  OTHER  THERilODYlJAI-IIC  PARAMETERS 

For  several  media  (for  eicample  dielectrics  and  semiconductors), 
the  parameters  e  and  p.  depend  in  explicit  form  on  the  specific  volume 
of  the  element  of  the  medium  under  consideration  and  on  other  thermo¬ 
dynamic  parameters  [6]. 

Let  us  calctilate  this  dependence  In  general  relativistic  form. 

For  this  purpose  we  must  add  to  the  energy  and  mcmentijm  tensor 
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dQ  ^  fp  dji 
dt  8^p  dt  ‘ 


the  corresponding  sycnetrical  tenser  which  should  In  the  classical 

Halt  yield  the  ordinary  expression 


+  f- [d/:  +  BH  \l  +  v; 


or 


i  {-  +  •••"«">>  +  X  + 

+  «’(,.+  >',  3^)1 

(where  the  derivatives  eire  taken  at  constant  E  aund  H); 

^W«  =  0; 

_  t£»  +  li//* 

8*  * 


(110) 


(111) 


Here  are  various  independent  thermodynamic  parameters.  In  particu¬ 
lar,  when  T  =  1  we  have  =  V,  where  V  is  a  specific  volume. 

It  is  easy  to  verify  that  in  the  case  ^^hen  e  and  p.  depend  explic¬ 
itly  on  these  parameters,  the  tensor  should  have  in  the  K'  frame 
the  form 

m:.  -  4  -f  «,«*)  Vt  t  ^^2) 

In  the  frame  in  which  the  given  element  is  at  rest  we  have  u^  =  0, 

Uj,  =s  1;  therefore 


(113) 


Furthermore 


~  -  y  ('^  +  ^ 
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1  (  a-1 

''..“sr-oN^vv +  3^! 

* 

o* 

II 

(11^) 

therefore  that 

■«.- ^(?.  +  V.)(Pt/;  i^;  + W.M 

(115) 

dx^  dx^  ^  <)x/  Ac*  *  s^nce  M^=*0. 


Further 


since 


Dierefore 


Atf,*  _ 

^x*  dxj  dx,  ^  dx^  • 


«4a  =  0- 


(116) 


vrtiere 


1 

d  r 

dx* 

dx^ 

8sdx,l‘ 

we  have  analogous! 

AW» 

d 

(li 

dx. 

■Isdx,  * 

dVt 

14  ^ 

dr=4< 

d  • 

{-- 

dV< 

14 

(117) 


(118) 


Since  the  expression  Is  a  scalar  quantity, 

we  have  in  any  reference  fraae 

\  *  [Dll  +  Of 


(119) 


and  therefore 

s=»  I  dV^  ^  dvy 

Here  V'^  are  parareters  in  the  K'  fraae,  for  exazsple 

vl^v’^ev. 

Thus,  the  qfjantity  3M'/Sx^  is  added  to  the  force  f'^,  so  that  the  total 

force  la 
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+  i:;ij'“d7"  +  "4r.  [c»^  dx,^  ds  +  hS  ] 

&r.dxJC  '  'dvi  . 


(120) 


The  force  f remains  iinchanged. 

In  these  expressions  e  and  p.  are  functions  of  the  parameters  V'^, 
and  therefore 


dt  =  AdV<;  d,i=^dV<. 

The  esqjresslon  for  the  Joule  heat  remains  the  same  as  before. 
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SCME  PROBLEMS  IN  ANISOTROPIC  MAGNETIC  GAS  DYNAMICS 

S.A.  Kaplan,  A.  A.  Logvinenko,  V.V.  Porflr'yev 

(L'vov) 

Ih  applying  the  methods  oP  phenomenological  magnetic  gas  dynamics  ^ 
to  an  Investigation  of  a  low-density  plasma  It  Is  necessary,  as  was 
shown  In  [1],  to  take  Into  account  the  anisotropy  of  the  pressures.  To 
be  sttre.  Ideas  have  been  advanced  recently  that  the  time  of  equaliza¬ 
tion  of  the  longitudinal  and  transverse  pressures  may  be  relatively 
short,  owing  to  the  Internal  Instability  of  the  plasma.  In  some  prob¬ 
lems,  however,  particularly  In  the  Investigation  of  rapid  motions,  the 
anisotropy  of  the  pressures  may  lead  to  the  appearance  of  singularities 
In  the  motions. 

In  magnetic  gas  dynamics  with  anisotropic  pressure,  one  can  also 
use  the  phenomenological  equations  of  magnetic  gas  dynamics.  In  which 
the  scalar  gas  pressure  should  be  replaced  by  the  tensor 

Here  p^  and  p^^  are  the  longitudinal  and  transverse  pressures,  while 
and  are  the  components  of  the  magnetic  field.  In  addition.  It  is 
necessary  to  include  In  place  of  the  scalar  heat  function  the  "heat 
function  tensor"  W^,  which  Is  analogous  to  (1)  and  has  as  the  corres¬ 
ponding  components  and  W^,  which  are  the  longitudinal  and  transverse 
heat  functions,  respectively.  A  similar  tensor  Is  used  also  to  express 
the  tensor  of  the  square  of  the  sound  velocity 
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!?o  save  space,  we  shall  not  vn’lta  out  the  entire  systera  of  equa¬ 
tions  of  anisotropic  magnetic  gas  dynamics.  By  way  of  example  we  pre¬ 
sent  only  the  expression  for  the  energy  flux  (neglecting  dissipative 
processes) 


4s  \‘  ■  J 


Here  t  Is  the  velocity  of  the  gas  and  p  Its  density. 

SB  consider  here  two  examples  of  motion  In  anisotropic  magnetic 
gas  dynamics;  discontinuities  and  flow  around  slender  bodies. 

Ja.  the  Investigation  of  discontinuities  one  sets  up  the  usual  con¬ 
ditions  for  the  conservation  of  the  flux  on  both  sides  of  the  discon¬ 
tinuity.  In  particular,  the  condition  for  the  conservation  of  the  en¬ 
ergy  flux  has  the  form 


{7)==:{(7)}+^*(n?'i>  =  o.  (3) 

The  braces  stand  here  for  the  difference  In  the  quantity  on  the  two 
sides  cf  the  discontinuity,  J  =  pv^  =  const  Is  the  mass  flux,  and  = 
=  const  Is  the  magnetic  field  component  normal  to  the  discontinuity. 
Equatlsn  (3)  has  been  written  out  In  a  coordinate  system  in  which  the 
discontinuity  Is  at  rest,  and  the  magnetic  field  Is  parallel  to  the 
velocity  both  ahead  of  the  discontinuity  front  and  behind  It. 

Cce  might  think  that  the  width  of  the  discontinuity  (which  Is 
prcbarly  on  the  order  of  the  Larmcr  radius)  Is  shorter  than  tho  relaxa¬ 
tion  length  of  the  longitudinal  and  transverse  pressures.  In  such  a 
case  one  can  assume 


It  then  follows  from  (3)  that 

in  full  agreement  with  the  condition  of  Chew,  Low,  and  Goldberger  [1] 
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UsiTig  now  the  conditions  for  the  conservation  of  ncnentun  flux  on  going 


through  the  discontinuity,  and  introducing  the  notation 

(5) 

//,  p^  cosfla’ 

where  the  subscript  ”1"  denotes  the  values  of  the  quantities  prior  to 
the  passage  of  the  wave  front  and  "2"  denotes  the  quantities  behind 
the  front,  -0  Is  the  angle  between  the  direction  of  the  velocity  (mag¬ 
netic  field)  and  the  nonnal  to  the  discontinuity  front,  we  obtain  af¬ 
ter  simple  but  cumbersome  calculations  an  equation  for  the  determina¬ 
tion  of  the  Jump  In  the  perpendicular  pressures,  the  analog  of  the  Hu- 
gonlot  adlabat  are 


,  \  sin^,  , 

f r  s -P n  I  a .  1 --Pi.  i)  -r 


-1- 


//??in  (d?  — 0  0  (cos  h  —  cos  fti) 
8.T  sin  cos*  d; 


(6) 


In  particular.  If  the  pressure  VJas  isotropic  ahead  of  the  discontinuity, 
we  get 


Pm  — Pm  T 


•  P^sin  (^r  — Oi)tcos^;  —  ccsdi) 


8.1  sin  {<2  cos*di 


(7) 


It  follovjs  therefore  that  a  decrease  in  the  magnetic  field  and  in  the 
gas  density  in  the  discontinaiity  is  acccncanied  by  an  increase  ii:  the 
transverse  pressure,  and  vice  versa.  In  tills  se.nse,  ar.isoircpic  discon¬ 
tinuities  are  dli’ectly  the  opposite  of  shock  ;.-aves  Is  xheir  properties. 
Anisotropic  Jumps  are  limited  in  magnitude.  In  particular,  in  jumps' 

with  an  increase  in  fne  Siamr.erlc  field  one  sho.:ld  have  K_  <  </&Trp,.  ,, 

—  a  ~  1  u  - 

while  In  Jumps  with  a  decrease  In  the  .magnetic  field  one  shouid  have 
^2  ^  ^1'  ^  similar  investigatic.n  cf  the  properties  of  aniso¬ 

tropic  discontinuities  was  made  by  one  of  us  (Logvinenko)  in  a  differ¬ 
ent  paper. 
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To  Investlsate  the  flov/  around  slender  bodies  in  gas  dynanics,  an 
equation  Is  set  up  for  small  deviations  from  the  main  flow.  In  aniso¬ 
tropic  magnetic  gas  dynamics  this  equation  has  the  form 

(Ci  +  a*)  a  (ay)  div  v’  + 

+  ((av)*-(^)*p  — (lIy)gTad(a^)=.0.  j3j 

Here  T'  Is  the  perturbation  In  the  velocity,  "v  is  the  velocity  of  the 
main  stream  (velocity  of  the  body  in  the  stream),  and  u  —  If^^TTp,  vrtiere 
IT  Is  the  Intensity  of  the  magnetic  field.  We  note  tiiat  the  directions 
of  if  and  7  may  not  coincide.  Equation  (8)  has  been  derived  from  the 
fundamental  system  of  equations  of  anisotropic  magnetic  gas  dynamics 
for  the  stationary  state  by  excluding  small  quantities  (perturbations 
in  the  main  stream),  except  for  the  velocity,  as  Is  customarily  done 
In  gas  dynamics,  and  V  Is  the  nabla  operator.  Introducing  the  notation 
c^  =  c^  +  and  transforming  the  last  term  In  (8),  we  reduce  this 
equation  to  the  form 

v’  —  —  p—  II  (it  v)  div  V'  —  (r  v)  ~  I"  '0*  (("V)  ^’)1*  (  9  ) 

A  solution  of  this  equation  vtnder  the  suitable  boundary  conditions  for 
"v'  does  Indeed  determine  the  variation  of  this  quantity  in  space. 

The  complicated  equation  (9)  can  be  simplified  by  replacing  it 
with  a  system  of  two  equations.  Taking  the  scalar  product  of  (9)  and  u, 
and  taking  the  divergence  of  (9)  (l-s.,  the  scalar  product  of  (9)  and 
the  7  operator),  we  obtain 

(fi  1  —  (v  v)-l  («!’')  =  (4  —  )  div  ((«  V) 

(rU  -  (-"v)»  -  ~ V)’)  div  = 

=  div  [« rot  ((a  y)  v')).  ( lO) 

However,  these  equations  in  this  fora  are  too  ccmpllcated  to  solve 
(they  were  solved  by  M.  I.  Kogan  [2]  under  a  set  of  simplifying  assump- 
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iMIfffiifiiltifMirgrilTiiiri  iiinfi 


tlons  It.  Isotropic  r^grsetlc  gas  dynanlcs).  In  anisotropic  magnetic  gas 
dynamics  they  can  be  sliwliried  either  by  assuming  the  flow  to  be  ' 
potential,  rot  T'  =  0,  cr  by  Introducing  the  somewhat  artificial  con¬ 
dition  c_  =  c  ,  which  Is  equivalent  to  assuming  that  the  magnetic  and 

A 

longitudinal  pressures  are  approximately  equal.  We  have  seen  above 

that  this  condition  does  indeed  hold  true  behind  the  front  of  the  dls-  • 

continuity. 

For  potential  flow  (rot  v*  =  0)  Eqs.  (10)  are  rewritten  In  the  form 

(flA— (vv)*-(a.Vrtd«vw'“0*  (11) 

Here  «r,=iiyi  — .  Thus,  dlv  7 '  and  (^^')  can  be  determined  sepa¬ 
rately.  The  solution  of  the  first  of  these  equations  Is  obvious,  while 
the  second  equation  can  also  be  reduced  to  the  usual  form  of  wave  equa¬ 
tion  by  ^changing  over  to  an  oblique  system  of  coordinates.  The  complex¬ 
ity  of  the  problem  lies  not  In  the  equations,  but  in  the  need  for  spec¬ 
ifying  asymmetrical  boundary  conditions. 

o  o 

In  the  second  case  (c^  *  c^),  Eqs.  (10)  assume  the  form 

(^,l-(vx7y)luv’)=^0, 

(cU-(*Vlr—6hy)<livP  =  (av)^fuv').  (32) 

We  first  solve  independently  the  first  equation,  and  then  solve  the 
inhomogeneous  wave  equation  with  known  right  half.  In  the  present  rase 
the  main  difficulty  also  Has  In  formulating  the  boundary  conditio's. 

Thus,  an  account  of  anisotropy  In  the  Investigation  of  flow  around 
slender  bodies  in  a  gas  magnetic  stream  does  not  lead  to  noticeable 
complications  and  to  as  oomplloated  calculations.  The  qualitative  re¬ 
sults  will  apparently  remain  ’unchanged,  but  quantitative  changes  aris¬ 
ing  on  the  account  of  the  anisotropy  are  quite  possible. 
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DISCUSSION  POLLOWINQ  THB  PAPER 


R.V.  Polovln 
Xhar'lcov 


papter  considers  shock  waves  In  an  anisotropic  plasma.  !Ihe 
authors  are  not  interested  here  In  the  structure  of  the  shock  wave  and 
confine  themselves  to  the  consequences  of  the  conservation  laws.  In 
the  case  of  anisotropic  pressure  the  number  of  conservation  laws  Is 
one  leas  than  the  number  of  magnetohydrodynamlc  variables.  The  question 
therefore  arises  of  how  to  write  out  the  lacking  boundary  condition. 

The  authors  propose  to  choose  as  this  condition  the  continuity  of  the 
longitudinal  pressure.  We  have  also  considered  this  question.  Jointly 
with  N.L.  Tsintsadze,  and  have  arrived  at  different  conclusions. 

In  the  absence  of  collisions,  it  seems  natural  to  assume  as  the 
lacking  boundary  condition  the  conservation  of  entropy.  If  the  expres¬ 
sion  for  the  entropy  per  particle  is  written  in  the  form 
s  =  {l</2)  In  (pj|P^/p^),  then  for  stationary  shock  wave  of  low  intensity 
we  shall  have  the  relation 


‘'1+' 


(1) 


where  v^^  is  the  velocity  of  the  shock  wave  relative  to  the  medlxra  lo¬ 
cated  in  front  of  it,  u^^  is  the  velocity  of  the  fast  maignetohydrody- 
namlc  wave,  and  are  the  longitudinal  pressure,  trans¬ 

verse  pressure,  and  the  density  of  the  medium  ahead  of  the  shock  wave, 
6p  =  pg  —  Pj  Is  density  discontinuity  on  the  shock  waves;  the  lon¬ 
gitudinal  magnetic  field  is  set  equal  to  zero.  If  p^^'  <  p^^^,  then 


the  evolutlonality  condition  contradicts  Zemplen's  theorea 

(6p  >  O).  Therefore,  if  stationary  shock  waves  exist  in  the  absence  of 
collisions,  the  entropy  in  them  increases. 

If  we  assime  that  the  magnetic  moment  per  iinlt  mass  p^/pH  is  con¬ 
served  in  the  shock  wave,  vre  obtain  for  a  low  intensity  wave 


(the  subscript  "2"  pertains  to  the  region  behind  the  discontinuity). 
According  to  Eqs.  (2),  Zemplen's  theorem  leads  to  the  evolutlonality 
conditions  v^^^  >  u^^,  Vg^  <  Ug^.  Thus,  no  contradiction  is  obtained  in 
this  case.  Another  fact  in  evidence  of  the  conservation  of  the  magnetic 
moment  is  that  the  magnetic  moment  is  an  adiabatic  invariant,  and 
therefore  it  is  conserved,  with  exponential  degree  of  accuracy,  in 
slowly  varying  fields. 


tp  3  *>1* 

—  •  ^  «•  a 


(2) 
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COKTRIBUTION  TO  THE  THEORY  OP  STATIONARY  PLOWS 
IN  MAGNETIC  GAS  DYNAMICS 

•  M.P.  Shirokov 
Moscow 


In  view  of  the  absence  of  Induced  electric  field  In  stationary 
flows  [rot  2“=  Ol  and  the  need  for  Including  In  the  Initial  system  of 
equations  the  electrostatic  equation,  certain  new  solutions  have  been 
obtained  for  the  magnetohydrodynamlc  equations  for  stationary  plane 
parallel  flows  and  plane  shock  waves. 

GENERAL  REMARES 

A  feature  of  stationary  flows  in  magnetic  gas  dynamics  is  the  ab¬ 
sence  of  an  Induced  electric  field,  since  In  such  flows  rot  2=0.  For 
this  reason,  the  field  in  such  flows  Is  determined  by  the  distribution 
of  the  space  charges  6  outside  and  inside  the  gas,  using  some  solution 
of  the  equation 

div£  =  4n6  (l) 

or  electromotive  forces  that  are  applied  from  the  outside.  Yet  In  solv¬ 
ing  the  magnetohydrodynamlc  problem  this  equation  is  usually  discarded 
and  the  system  of  Initial  equations  is  reduced  to  relations  that  ccn- 
taln  only  the  pressure  £,  the  density  p,  and  the  velocity  and  magnetic 
field  Intensity  vectors  u  and  2.  This  leads,  for  example  In  the  case 


of  an  Incompressible  conducting  liquid,  to  the  following  system  of 
equations  [1] 


(2) 


d;i 

Ot 


with  corresponding  botindary  conditions  for  the  vectors  IT  and  Si  The 
solution  of  the  problems  formulated  in  this  manner  leads,  generally 
speaking,  to  a  random  choice  of  one  of  the  solutions  of  Eq.  (1)  and  to 
neglect  of  Its  other  solutions,  which  may  be  of  appreciable  Interest. . 

We  give  here  some  of  these  neglected  solutions,  vdilch  pertain  to 
plane  parallel  flows  and  shock  vteves.  ^ 

1.  PLANE  PARALLEL  FLOW  . 

Let  the  conducting  Incompressible  liquid  move  in  stationary  manner 


between  two  plane  parallel  ;^lls  perpendicular  to  the  axis  In  an 
external  magnetic  field  Hq  =  H^,  =  Hg  =  0  perpendicular  to  the  walls, 

in  the  presence  of  a  pressure  gradient  P  =  dp/dx^^  =  const  througihout 
the  flow  region.  The  system  (2)  then  assumes  the  form  • 


,  //q  d/f, 

4s  dx, 


Its  solution  subject  to  the  following  boundary  conditions  on  the  walls 


Xi  =  ±L 


=  const. 

ui  =0 


(4) 

(5) 


•has  the  form 


where 


(6) 

(7) 

(8) 


is  the  Hartmann  number  and  A  is  an  arbltrsiry  constant  determined  by 
the  boundary  conditions  (4)  for  the  magnetic  field  at  the  channel 


walls.  Prom  Ohn's  law  and  from  one  of  Maxwell's  equations  we  have 

Substituting  Into  this  equation  the  values  of  u^^  and  from  (6)  and 
(7)  we  get 

.  ft* 


//.  o«i‘ 


(10) 


From  this  relation  we  see  that  the  choice  of  some  particular  set  of 
boxindary  conditions  for  H,,  conditions  which  determine  A  in  (7)»  la 
equivalent  to  the  choice  of  some  value  of  the  external  electric  field 
E,  produced  either  by  the  sxirface  chau^ges  on  the  channel  walls,  which 
are  perpendicular  to  the  Xg  axis,  or  by  a  potential  difference  ip  ap¬ 
plied  to  these  walls  from  the  outside.  In  either  case,  naturally,  these 
walls  must  be  assumed  to  be  made  of  a  conducting  material,  say  metal. 
Walls  of  precisely  this  kind  were  used  In  the  e:q>erlments  of  Hartmann 
and  Lazarus  [2]  who  used  mercxiry  filling  In  rectangular  channels  In  an 
external  magnetic  field  Hq  =  I^,  H®  =  Hg  =  0,  perpendicular  to  the 
velocity  Uj^,  and  In  some  experiments  by  Lehnert  [3).  The  question 

arises,  however,  of  the  choice  of  E  or,  what  Is  the  same,  of  the  bound¬ 
ary  conditions  (4)  for  H^.  Usually,  as  was  also  done  by  Hartmann  [2], 

one  assxmes  In  (4)  const  =  0,  l.e.,  one  assumes  that 

H,{+L)==-Hi{-L)=0,  (4a) 

the  vanishing  of  the  field  on  the  chaxmel  walls  being  motivated  by 
the  requirement  that  the  tangential  component  of  the  magnetic  field  be 
continuous  on  the  wall  (see,  for  example,  [4]),  In  spite  of  the  fact 
that  this  condition  is  obviously  satisfied  for  any  choice  of  constant 
In  the  boundary  condition  (4).  In  fact.  Condition  (4a),  as  shown  by 
Integrating  (9)  with  respect  to  x^  within  the  limits  — L  to  +L,  reduces 
to  the  requirement  that  the  total  current  through  the  transverse  cross 
section  of  the  channel  vanish.  The  same  Integration,  with  allowance  - 
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for  {4a,  6,  and  10)  yields 


£=  (11) 

with  the  average  velocity  over  the  channel  cross  section  being 

-_„  =  ^==^(McthM-l).  (12) 

This  solution  by  Hartmann  demonstrates  well  the  random  character  of 
the  choice  of  electric  field  E  when  the  magnetohydrodynamlc  problems 
are  reduced  to  the  determination  of  only  the  hydrodynamic  zind  magnetic 
fields.  It  la  appeirently  Indeed  valid  when  the  rectangular  channel 
walls  at  ^2  =  +L  are  not  conducting,  while  the  walls  perpendicular  to 
the  Xg  axis  are  metallic  (In  practice  with  conductivity  a  =  «»).  The 
channels  used  In  the  experiments  of  Hartmann  and  lazauras  [2]  satlsfjr 
these  requirements  and  therefore  the  use  of  Formula  (12)  was  Justified. 
The  same  cannot  be  said  concerning  Its  application  to  the  experiments 
of  Lehnert  [3]  and  Murgatroyd  [4]  on  the  flow  of  mercury  in  a  magnetic 
field,  using  channels  made  of  glass  and  of  steel  Insulated  on  the  In¬ 
side  by  a  special  coating. 

Hartmann's  solution  (12)  with  Boundary  Conditions  (4a)  for  Hj^  are 
cited  In  all  books  [1,  4]  and  articles  without  mentioning  that  it  has 
a  limited  region  of  applicability.  Yet  there  exist  also  other  solu¬ 
tions,  which  describe  flow  conditions  that  in  our  opinion  can  be  ex¬ 
perimentally  realized  In  a  more  clear-cut  fashion.  We  wish  to  call  at¬ 
tention  to  these. 

If  the  conducting  walls  perpendicular  to  the  Xg  axis  used  In  the 
above-described  rectangular  cha.nncl  are  Joined  together  by  a  wire  of 
infinite  conductivity,  l.e.,  short-circuited,  the  electric  field  of 
the  channel  will  become  equal  to  zero.  Then,  putting  E  =  0  In  (6)  and 
(10),  ye  obtain  In  place  of  (12)  the  relation 
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In  addition.  In  the  parallel  circuit  Joining  the  conducting  walls  we 
can  Introduce  an  electromotive  force  which  produces  any  value  of  the 
field  E  In  the  liquid,  and  the  external  mechanical  action  can  he  re> 
moved,  l.e.,  we  can  put  P  =  0.  Ilien  the  conducting  liquid  will  flow 
only  under  the  Influence  of  the  ampere  forces  and  In  accord  with  (6) 
and  (10)  Its  average  flow  velocity  In  the  channel  will  he 

fc  McthM—l 
“"“//o  McthM  * 

Ihe  solutions  (13)  and  (14)  are  Interesting  because  they  give  a  dif¬ 
ferent  dependence  of  the  average  velocity  on  the  M  number  when  M  »  1.- 
According  to  (12)  this  velocity  Is  proportional  to  1/^  In  this  case, 
other  conditions  being  equal,  something  that  was  confirmed  although 
not  quite  clearly  In  the  experiments  of  [2,  3»  5]»  Yet  In  accordance 
with  (13)  It  Is  proportional  to  l/W®,  and  In  accordance  with  (l4),  al¬ 
though  It  Is  again  proportional  to  1/il,  nevertheless  when  M  =  0  we 
.also  have  u  =  0,  this  being  due  to  the  fact  that  In  this  case  Hq  =  0 
and  the  ampere  force  which  sets  the  liquid  In  motion  Is  also  equal  to 
zero.  To  the  contrary,  according  to  (12  and  13)  we  obtain  when  M  =  0 
the  same  connection  bet;-feen  u  and  P,  corresponding  to  a  pure  hydrody¬ 
namic  laminar  flow. 

It  seems  to  us  that  it  would  be  Interesting  to  check  the  conclu¬ 
sions  draTO  from  the  solutions  (13  and  14)  by  means  of  specially  set 
up  e:q5erlments. 

2.  STATIONARY  SHOCK  WAVES  IN  A  GAS  0?  HIGH  CO.'HUCTIVITY  (a  =  ») 

The  general  theory  of  shock  waves.  Including  nonstationary  ones. 
In  such  a  mediimi  [1]  is  based  on  the  use  of  the  conservation  laws  on 
the  front  of  the  shock  wave  and  of  the  hypothesis  that  there  exists  an 
electric  field  completely  defined  by  the  relation 


In  the  case  of  stationary  waves  this  equation,  generally  speaking.  Is 
not  satisfied  because  there  Is  no  Induced  electric  field  (rot  O). 

As  we  have  already  noted,  in  this  case  E  is  determined  by  the  electro¬ 
static  equation  (l)  and  the  corresponding  boundary  conditions,  and  may 
have  different  values.  Including  vanishing  ones. 

Owing  to  the  nonfulflllraent  of  (15)  and  owing  to  the  electrostatic 
character  of  the  field  B,  stationary  vfaves  may  arise,  not  described  by 
the  ordinary  theory,  the  very  existence  of  which,  as  fau*  as  we  know, 
has  nowhere  been  mentioned. 

We  shall  consider  the  simplest  of  these  waves,  which  can  be  real¬ 
ized  In  plane  parallel  flow  of  a  strongly  conducting  gas  (o  =  ob)  in  a 
channel  of  rectangular  cross  section  of  the  same  type  as  used  In  the 
experiments  of  Hairtmann  and  Lazarus,  with  an  external  magnetic  field 
likewise  parallel  to  the  axis.  Unlike  the  Hartmann  problem  we  shall, 
however,  assume  that  this  field  has  a  Jmp  discontinuity  In  the  plane 
x^  =  0  given  by 

X,  <  0;  fll  =  =  const; 

x,>0;  —  (iS) 

_  00  .Xi  ^  I  ”  ~  0- 

The  walls  of  the  channel  perpendicular  to  the  zzcls  are  short-cir¬ 
cuited  by"  a  wire  or  are  connected  in  parallel  to  an  externaj.  emf  which 
produces  a  uniform  electric  field 

—  ^  +  £^  =  const  (17) 

When  gas  flows  in  the  direction  of  the  Xj^  axis  in  the  plane  x^  = 

=  0,  the  Jumplike  change  in  the  external  magnetic  field  will  bring 
about  Impact  of  the  gas  agauLnst  the  magnetic  field  with  formation  of  a 
shock  wave  front  In  this  plane.  Cn  going  through  the  shock  wave,  all 


the  conservation  lav/s  v/111  be  satisfied  In  this  case;  these.  If  we  de¬ 
note  by  means  of  braces  the  difference  Q"  —  Q'  of  the  qpiantlty  Q  ahead 
of  and  behind  the  front  of  the  shock  wave,  assume  the  form 

tni-o. 

{f«!+P+-^}-o  <(».)-• 

Where 

=  const,  (18) 

(19) 

Is  the  heat  content,  W  is  the  Internal  energy,  and  v  =  p/p.  We  shall 
assxjme  that  the  channel  walls  =  +L  are  sufficiently  far  apart  (In 
the  limit  L  =  «) .  Then  we  can  put  on  the  wave  front  portion  »  0 
that  =s  0,  u^  =  0,  and  consequently  the  conservation  equations  as¬ 
sume  the  form 

{{•«!>  =0. 

{f»*i+p  +  ^j  =  0. 

We  assimie  further  that  on  both  sides  of  the  shock  wave  front  gas  flow 
Is  established  In  electric  and  magnetic  fields  (l6  and  17)  applied 
from  the  outside.  Then  E®  and  {h^}  =  M  in  Eq.  (20)  can  be  regarded  as 
specified  quantities,  and  In  addition  the  function  I  =  l(p,  p)  can  be 
assumed  kno^-m,  so  that  from  the  values  of  jo,  p,  and  u^  ahead  of  the 
shock  wave  front  we  can  determine  with  the  aid  of  (20)  their  values 
behind  the  front.  Thus,  the  problem  of  the  Impact  of  a  conductina  gas 
aaas  against  an  inhomogeneity  of  a  magnetic  field  AH  Is  completely 
solved. 

Ellmlnatir.g  5  and  from  the  system  of  equations,  we  determine 
the  equation  for  the  "shock  adlabat,"  confining  ourselves  for  simplicity 


to  the  case  Eg  =  0 


-r  2  ^  16s 

The  analogous  equations  in  the  theory  of  ordinary  shock  waves 


have  the  form 


(P" + P’)  -  v')  ,  >>’)  -  «^)V  _ 0  (22) 

2  '  -  i6»  ~  ' 


Comparison  of  (21)  with  (22)  shows  that  the  new  type  of  shock  waves 
differ  appreciably  from  the  ordinary  ones.  This  difference  becomes 
even  greater  if  the  external  electric  field  Eg  differs  from  zero. 

We  consider  also  another  Interesting  case  of  shock  waves,  arising 
during  the  mechanical  impact  between  a  gas  flowing  along  the  x^^  axis 
with  velocity  u^  against  the  body  over  which  the  gas  flows,  in  an  ex¬ 
ternal  homogeneous  magnetic  field  =  Hq,  =  Hg  =  0  In  the  absence 
of  an  external  electric  field  ^  =  0.  The  problem  Is  completely  analog¬ 
ous  to  the  preceding  one.  The  only  difference  lies  In  the  fact  that  in 
place  of  the  Inhomogeneity  of  the  magnetic  field  on  the  channel  axis 
we  Introduce  am  obtuse  body  made  of  a  well-conducting  material  with  a 
cross  section  profile  that  is  symmetrical  with  respect  to  the  plane 
=  0  and  Is  the  same  In  the  planes  perpendicular  to  the  Xg  axis,  sup¬ 
ported  by  the  vrell-conductlng  channel  walls  perpendicular  to  the  Xg 
axis.  Thus,  these  channel  walls  are  short-circuited  and  the  current 
is  determined  by  the  relations 


aff./f,  .  .  „ 


since  In  this  case  the  electric  field  is  E  =  0. 

For  such  a  shock  ’••-•ave,  the  sane  relations  (20)  will  be  satisfied, 
but  in  simpler  forn.  One  of  the  obvious  simplifications  is  Eg  =  0-  In 
addition,  because  of  the  homogeneity  of  the  e;cternal  magnetic  field, 
there  will  be  no  discontinuity  in  its  targentlal  component  on  the  front 
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of  the  shock  vrave,  sene thing  that  follows  directly  from  the  integration 
of  the  I-Iaxvrell  equation  dH^/dx^  =  ^tiJ^/c  over  the  width  of  the  shock 
front  x"^  —  x'-|^  =  d,  which  we  shall  assume  to  be  infinitesimally  small. 

Thus,  in  addition  to  Zg  =  0,  we  must  put  also  in  (20)  {Hj]  =  0, 
after  which  the  equations  assume  the  form 

{P'lJ^Oj  {?ff?+p}=0;  {^4-y}^®- 

Consequently,  a  magnetic  field  without  sharp  artificial  Inhomo- 
genelties  will  not  affect  a  shock  wave  of  mechanical  origin.  We  note 
that  the  mechanical  use  of  the  ordinary  theory  of  shock  waves  would 
lead  in  this  case  to  another  conclusion,  one  not  agreeing  with  reality. 
According  to  that  theory  there  should  arise  an  electric  field  E  deter¬ 
mined  by  Relation  (15).  In  order  for  the  tangential  component  to  be 
continuous  on  the  shock  wave  front  while  the  normal  component  of  the 
magnetic  field  is  equal  to  zero.  It  would  be  necessary  to  have  a 
Jump  in  the  tangential  component  given  by  the  equation 


We  do  not  wish  to  state  here  that  ordinary  shock  wave  theory  is  in  gen¬ 
eral  incorrect.  We  merely  note  the  cases  that  are  not  Included  within 
the  range  of  applicability  of  this  theory.  The  fact  that  it  does  not 
apply  in  many  cases  to  stationary  shock  vraves  is  due  essentially  to 
the  absence  of  an  induced  electric  field  "n,  defined  by  (15),  for  these 
shock  waves. 

It  is  somewhat  stated  that  such  a  field,  'which  is  not  of  induc¬ 
tion  origin,  will  nevertheless  exist  as  the  result  of  relativity  theory 
also  in  stationary  streams  of  a  conducting  medium,  for  if  '?  =  0  in  the 
frame  in  which  the  medium  is  at  rest,  then  in  a  different  frame  (say 
the  laboratory  frame),  in  which  the  nedl\mi  moves  'with  velocity  iT,  elec¬ 
tric  polarization  arises  with  electric  field  'which  cancels  out  the 


Induced  field  [iSTl/c  and  Is  therefore  deternlned  by  Relation  (15). 

From  this.  In  particular,  it  is  sonetlnes  concluded  that  such  an  elec¬ 
tric  field,  given  by  Eq.  (15),  arises  at  the  location  of  the  stationary 
shock  wave  front. 

However,  If  the  occurrence  of  such  a  field  "S'  Is  possible.  It  does 
not  at  all  follow  that  It  arises  alv/ays  in  stationary  flows  amd  In 
shock  waves.  It  Is  very  easy  to  point  out  flows  and  shock  waves  In 
which  the  conditions  (15)  for  Its  occurrence  are  not  fulfilled.  Such, 
for  exanple,  are  plane  parallel  flows  of  a  conducting  medium  In  rec¬ 
tangular  channels,  which  were  theoretically  and  experimentally  Inves¬ 
tigated  by  Hartmann  and  Lazarus  [2],  Lehnert  [3],  and  Murgatroyd  [5], 
and  also  stationary  flo;«  and  waves  described  In  the  present  paper.  In 
general.  In  any  stationary  flow  of  a  conducting  liquid  In  an  external 
magnartlc  field,  in  channels  with  conducting  walls,  it  is  known  for 
certain  that  there  will  be  no  electric  field  described  by  (15).  On  the 
other  hand.  It  Is  very  difficult  to  point  out  the  conditions  under 
which  such  a  field  could  exist.  For  example,  one  might  think  that  in 
channels  of  rectangular  and  round  cross  sections  with  nonconducting 
walls,  with  which  Lehr.ert  [3]  and  Murgatroyd  [5)  experimented,  the 
charges  resulting  from  the  polarization  of  the  medium  vjould  concentrate 
in  thin  surface  layers  near  the  walls  and  would  yield  a  field  ^  given 
by  (15)  in  the  entire  scream  as  a  whole.  But  then  the  current  ~J  and 
the  anmere  force  [jH]/c  would  vanish  everid/here  and  there  would  be  no 
interaction  whatever  betv;een  the  stream  and  the  magnetic  field.  If 
such  Interaction  is  observed  in  such  a  manner,  that  in  one  region  of 
the  flow,  in  spite  of  (15),  we  have  S  >  —  [iSTl/c,  and  in  the  other  we 
have  ?  <  —  [iSf]/c  and  only  in  the  symmetry  plane  do  we  get  T  =  -[u5n/c. 

The  foregoing  applies  equally  well  to  stationary  shock  waves. 

Thus,  Jtarshall  [6]  developed  a  theory  of  such  waves  for  uniform  flow 


of  a  conducting  gas  In  a  perpendicular  magnetic  field,  starting  from 
the  assumption  that  on  both  sides  of  the  shock  vreive  front  the  electric 
field  due  to  the  polarization  of  the  medium,  E  =  const,  satisfies  Rela¬ 
tion  (15)*  which  Is  equivalent  to  assuming  the  vanishing  of  the  cur¬ 
rent  eind  the  lack  of  interaction  between  the  medltan  and  the  magnetic 
field  on  both  sides  of  the  shock  front.  Marshall,  however,  does  not 
concern  himself  with  the  real  physical  conditions  vinder  which  such  a 
flow  with  formation  of  a  shock  wave  could  be  realized.  Yet,  in  8J.1 
probability,  Marshall’s  one -dimensional  stationary  flow  with  a  shock 
wave  of  this  type  would  be  completely  unstable,  since  the  smallest  dis¬ 
turbance  would  violate  Condition  (15)  and  would  give  rise  to  ampere 
forces  that  would  change  this  flow. 
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EFFECT  OF  CONDUCTIVIIY  ANISOTROPY  ON  THE 
STRUCTURE  OF  A  MAGNETOHYDRODYNAMIC  SHOCK  WAVE 

Q.A.  I^Ulmov 
Moscow 

We  consider  the  prohlem  dealing  with  the  structure  of  a  shock 
wave  In  a  gas  which  Is  siifflclently  rarefied  to  permit  the  electrons 
to  have  a  helical  range  (ut  >  1), 

Ohm's  law  is  expressed  In  such  a  medium  In  the  form 

o(£-f-^lVXW]+^E«dp,j=}+^UXW)-  (1) 

The  problem  of  the  structure  of  the  shock  wave  in  an  analogous 
formulation  was  considered  In  [1],  where  only  part  of  the  equations 
describing  the  problem  were  considered,  so  that  the  qualitative  results 
obtained  do  not  hold  true  for  the  complete  system  of  equations  and  con¬ 
sequently  for  the  entire  problem  as  a  whole. 

We  shall  henceforth  assume  that  the  energy  dissipation  occurs  In 
the  wave  only  as  the  result  of  the  dissipation  of  the  electric  current 
energy,  i.e.,  we  shall  neglect  viscosity  and  electric  conductivity  of 
the  gas. 

Since  we  cannot  describe  the  research  in  detail,  we  shall  Indicate 
here  only  the  research  scheme  and  the  formulation  of  the  conclusions. 

The  problem  of  the  structure  of  a  shock  wave  reduces  in  the  class¬ 
ical  formulation  in  this  case  to  a  system  of  five  algebraic  equations, 
which  represent  the  laws  of  conservation  of  mass,  the  three  mcmentua 
projections,  and  the  energy,  as  well  as  two  differential  ecjuatlons 
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which  represent  the  projections  of  (l)  on  coordinate  euces  that  lie  in 
a  plane  tamgent  to  the  wave. 

The  projection  of  (l)  on  the  normal  to  the  discontinuity  surface 
serves  to  determine  the  transverse  component  of  the  electric  field 
if  the  electron  pressure  is  known. 

It  is  thus  necessary  to  solve  the  following  system  of  equations 

.  +  +  .  T  J>\ 

I?) 

The  constants  m,  Ig,  e,  and  are  determined  from  the  param¬ 
eters  of  the  flow  ahead  of  the  shock  wave. 

We  Introduce  dimensionless  quantities  defined  by  the  formulas 

U==Us,U*,  V=UfV\  w  =  »»»•, 

RT  =  eul.  H*p  =  ?(p39, 

=  l  =  x.3,z. 

The  subscript  "0”  pertains  to  the  parameters  ahead  of  the  shock 
wave.  Changing  over  in  (3)  to  dimensionless  coordinates,  we  obtain 

4 


4  a;  =  (u-  -  2a!)  (A,  -  «*AA)  -  Kfu 


where 


^  e  • 


/;=i  +  R,+^. 

9 
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Changing  over  to  dlnienslonless  coordinates  in  (2)  and  eliminating 

from  the  latter  v*,  w*,  amd  6*,  we  obtain  a  relation  between  u*,  hy, 

and  h„: 
z 


y  (■;  + 1)  «•*+ Tu*  (aJ + a!)  -  2  (r  -1 )  a!  [hi + hi)  —tfi- 
-2(t-1)^M,— y(r-l)/i*  +  (T— 1)**  =  0. 


(5). 


To  co^^)lete  the  solution  of  the  problem  it  is  necessary  to  express  u* 
from  (5)  in  terms  of  hy  and  h^,  substitute  it  into  (4),  and  Integrate 
the  system  (4). 

Let  us  investigate  the  system  (4) -(5)  qualitatively.  In  the  u*, 
hy,  space  Eq.  (5)  defines  a  certain  surface,  on  which  the  integral 
cxirves  of  the  equations  in  (4)  should  lie.  Since  the  solution  describ¬ 
ing  the  structure  of  the  shock  wave  goes  over  at  x  =  +i»  into  tramsla- 
tlonal  flow,  the  points  on  the  surface  (5)>  corresponding  to  x  =  +», 
lie  on  the  intersection  between  the  stirfaces 

(«•  -  2h\)  [a'hjl,  +  A,)  -  a*hlft  =  0.  ,  g. 

-  2A1  )  (A^  -  a*A  A)  -  =  0. 

Relations  (6)  have  been  obtained  by  equating  to  zero  the  right  halves 
of  (4).  The  points  of  in-ersection  of  (5)-(6)  are  the  singular  points 
of  the  system  (4). 

The  character  of  the  Integral  cirrye  of  the  system  (4),  and  conse¬ 
quently  also  the  qualitative  singularities  of  the  flow  within  the  zone 
representing  the  shock  ;rave,  depend  on  the  character  of  these  singular 
points. 

The  character  of  the  singular  points  is  determined  by  the  sign  of 
the  discriminant  of  the  characteristic  equation,  made  of  the  coeffi¬ 
cients  of  the  linear  terms  in  the  right  halves  of  the  equation  in  (4) 

Without  dwelling  on  the  details  of  the  further  research,  let  us  ' 
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fornulate  the  qualitative  conclusions  to  which  the  research  leads. 

If  the  shock  v/ave  is  fast  and  Its  Intensity  is  such  that  the 
velocity  behind  the  wave  is  larger  than  the  gasdynainlc  velocity -of 
sound,  then  the  motion  Inside  the  zone  of  the  wave  is  continuous.  Pur- 

Op 

thermore,  if  a*  h^  is  small,  then  all  the  psirameters  in  the  flow  zone 
change  monotonlcally,  but  if  h^  is  large,  l.e.,  the  helical  range 
of  the  electrons  is  large,  then  u*  and  the  components  of  the  magnetic 
field  near  the  initial  points  do  not  change  monotonlcally  (the  initial 
point  Is  in  this  case  the  focus  for  the  system  of  Integral  curves).  Ih 
the  latter  case  the  end  point  of  the  magnetic  field  intensity  vector 
describes  in  space  a  regular  curve,  but  it  does  not  rotate  in  this 
case  aroiind  the  nonnal  to  the  discontinuity  surface. 

If  the  intensity  of  the  fast  wave  is  large,  so  that  the  velocity 
behind  it  is  subsonic,  then  a  contiguous  flow  cannot  exist  within  the 
zone  representing  the  shock  wave. 

The  flow  near  the  initial  point  is  the  same  as  for  a  wave  of  low 
intensity.  The  flow  zone  is  terminated  in  this  case  by  a  gasdynamlc 
Isomagnetic  discontinuity. 

If  the  gas  velocity  ahead  of  a  slow  shock  wave  is  subsonic,  the 

p  p 

flow  is  continuous.  The  flew  Is  monotonlc  in  the  case  of  small  ci* 

2  2 

and  in  the  case  of  larg^  ci*  h^  near  the  end  point  the  motion  is  similar 

P 

to  the  notion  near  the  initial  point  in  a  fast  wave  with  large  a*~h“. 

If  the  gas  velocity  ahead  of  a  slow  wave  is  supersonic,  then  f.  e 
flew  begins  with  a  gasdynanlc  isomagnetic  discontinuity,  follcv;ed  by  a 
region  of  continuous  flew.  The  behavior  of  the  flow  neeir  the  end  point 
is  the  same  as  in  the  preceding  case. 

Thus,  the  character  of  the  flow  within  the  zone  representing  the 
shock  wave  depends  In  essential  fashion  on  the  magnitude  of  the  helical 
range  of  the  electrons  and  on  the  character  of  the  wave  Itself  (fast 


or  slow).  As  a*  -►  0  the  flow  goes  over  Into  one  describing  the  struc- 
tiire  of  an  ordinary  magnetohydrodynamic  shock  wave. 

An  essential  feature  of  the  structure  of  the  shock  wave  In  a  gas 
with  anisotropic  conductivity  Is  the  presence  of  a  transverse  electric 
field  coaponent,  and  consequently  space  charge,  within  the  zone  of  the 
wave. 

We  note  that  In  a  medliim  with  anisotropic  conductivity  the  thick* 
ness  of  the  shock  v.’ave  Is  larger  than  In  an  ordinary  magnetohydrody- 
namlc  shock  wave. 

If  iiiT  ~  1,  then 


pole  na  struktur-.:  udarnoy  volny  v  aagnitnoy  gazodinaralke 
[Influence  of  Conduction  Anisotropy  in  a  Magnetic  Field  on  the 
Structure  -of  Shock  V/aves  In  Kagnetohydrodyr.aaics],  ZhET?  [Jour¬ 
nal  of  Experiaental  and  Theoretical  Physics],  1,  I960. 


SOm  PROPERTIES  OP  MAGNETOHYDRODYNAMIC 
PLOWS  IN  SHOCK  WAVES 

H.N.  Kbgan 
Moscow 

§1.  STABILITY  OP  SHOCK  WAVE 

According  to  [1],  shock  waves  are  stable  against  small  dlstxirb- 
ances  If 

<®«i»  (l.l) 

or 

(1.2) 

where  is  the  component  of  the  stream  velocity  normal  to  the  wave, 
w  =  H/y  hnp  Is  the  Al'fven  velocity,  w^^  =  a  =  y  cp/p  is  the 

velocity  of  light,  and 

4  =  Vi  fo"  +  a*± 

The  subscripts  "1"  and  "2"  denote  the  states  ahead  of  and  behind  the 
wave,  respectively.  The  coordinate  system  Is  fixed  to  the  wave. 

In  the  Investigation  of  plane  stationary  flo'rfs  it  is  convenient 
to  use  the  planes  of  the  velocity  holograph  and  the  magnetic  fiell, 
since  we  have  in  these  planes  the  characteristic  manifold  [2]  and  the 
polars  of  the  shock  wave  [3].  Figures  1-4  show  the  shock  polars  plotted 
in  Reference  [3].  These  polars  were  derived  from  the  conditions  f:r 
the  conservation  of  the  mass,  momentum,  and  energy  of  the  flow  and  th-e 
conditions  that  the  entropy  increase. 

The  results  of  the  stability  analysis  on  the  basis  of  (1.1)  and 
(1.2)  are  shown  in  Figs-  1-4.  M  =  v/a,  N  =  w/a,  is  the  critical 


velocity  of  soxind,  and  a  is  the  angle  of  Inclination  of  the  wave  to 
the  coinciding  velocity  and  nagnetio  field  vectors  ahead  of  the  wave. 
In  Pigs.  1  2ind  2  the  stable  modes  are  designated  by  continuous  lines 
and  the  unstable  ones  by  dashed  lines.  A  clearer  picture  is  obtained 


in  the  plane  of  the  magnetic  field  hodcgraph,  since  Conditions  (1.1)' 
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modes  are  those  in  v/hlch  the  tangential  ccnponent  of  the  magnetic  field 
does  not  reverse  sign  on  going  through  the  wave.  It  is  easy  note  that 
the  stability  regions,  in  accordance  with  this  rule,  will  be  those 
shown  shaded  in  Pigs.  3  and  4. 

.  Let  us  note  some  properties  of  shock  polars.  • 

1.  A  stability  occurs  where  multiple  valuedness  occurs,  l.e., 
where  the  same  conditions  ahead  of  the  wave  correspond  to  several  pos¬ 
sible  modes  behind  the  wave. 

V/hen  >  1  such  a  multiple  valuedness  region  exists  [3]  In  the 


range 


(1-3) 


where  k  is  the  ratio  of  the  specific  heat. 

When  N  <  1  a  multiple  valuedness  exists  at  <  1.  The  polars 

corresponding  to  this  mode  are  completely  unstable. 

2.  The  ordinary  direct  shock  wave  is  unstable  in  the  range  (1.3). 

3.  In  the  range  (1.3)  there  exist  unstable  fast  shock  waves  > 

>  u^^). 

4.  Small  shock  waves  of  the  first  kind  [3]  are  stable  both  when 
>  1  and  when  <  1. 

5.  Waves  traveling  against  the  stream  are  stable  when 

+  fcr.V,<I 

and  when 

1  <  fcr  >  1. 

6.  All  the  polars  are  stable  whan  they  are  qualitatively  similar 
to  the  polars  of  nonmagnetic  gasd'j-namics,  occurring  when 

^  ^  when  >  1  when  <  1. 

§2.  WIDTHS  0?  DISCOh’rUOJlTISS 

To  estimate  the  thickness  of  the  shock  wave  we  can  use  the  equation 


(2.1) 


?,tf,rs'  = -h  T.  (%  u* + r-* + y*)  -f  o-ry + ///. 

Here  u,  v,  and  w  are  the  components  of  the  velocity  vectors  along  the 
axes  X,  jr,  and  Zj  p  Is  the  density,  T  Is  the  ten^jeratxire,  s  Is  -the  en¬ 
tropy,  ^  la  the  component  of  the  magnetic  field  along  the  axis,  5 
and  T]  are  the  viscosity  coefficients,  A.  Is  the  heat  conduction  coeffi¬ 
cient,  o  la  the  electric  conductivity,  and  c  Is  the  velocity  of  light. 
The  X  axis  Is  directed  along  the  norra.1  to  the  wave.  The  velocity  vec¬ 
tor  ^  lies  In  the  xy  plane.  The  primes  denote  differentiation  with 
respect  to  x. 

Integrating  (2.1)  over  the  i^ldth  of  the  discontinuity  we  obtain 
the  following  estimate  for  the  thlcloiess  of  the  wave  6: 

5=5, +5,+^ 

where 

,  _  (C  +  4/3  r,)  (Iny .  ,  +  (Aw)*l 

‘  f.ajis  •  **  5 

* 

*  lo7i‘3p^a^T^s  ’ 

Here  AA  =  Ag  —  and  the  q-iantities  that  are  variable  In  the  front 
are  replaced  by  certain  mean  values.  The  quantity  Aw  differs  from  zero 
In  rotational  discontinuities. 

Denoting  Ap  by  A,  v.-e  obraln  the  follov/ing  estimate  for  weak  shock 
waves  of  the  first  kind  [3]=  ' 

?  -  j  .  ."VF?  , 

'I  .i~  .  e,  j — , 

where  v  is  the  kinematic  vlsccsizy  and  v_  =  c  /k-na  Is  the  magnetic  vis- 
coslty. 

As  shown  In  [3],  when  =  ir  +  e  ,  where  e  Is  a  small  cjuantity, 

weak  waves  of  the  second  >rLrid  exist.  In  moving  along  such  a  polar,  the 
entropy  drop  changes  frcm  As  -  A^  to  As  ^  A.  However,  the  corresponding 
chargie  In  Av  and  AH  leads  to  the  estimate  6  -  Weak  shock  waves  of 
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the  second  kind  go  over  Into  the  linlt  to  rotational  discontinuities, 
in  which  A  =  0  and  As  =  0.  Therefore  the  thickness  of  such  a  discon-  • 
tlnuity  is  Infinite,  l.e.,  there  are  no  stationary  discontinuities  of 
this  kind.  Inasmuch  as  in  an  incompressible  liquid  the  only  possible 
rotational  discontinuities  are  shock  waves,  it  is  clear  that  the  solu¬ 
tions  with  shock  waves  obtained  for  flows  of  an  incompressible  liquid 
cannot  be  realized.  They  are,  hov/ever,  of  certain  Interest  for  by  using 
similitude  criteria  it  is  possible  to  change  over  from  them  to  the  cor¬ 
responding  solutions  of  the  elliptical-hyperbolic  problems  for  a  gas. 

Along  with  vxaves  whose  thickness  increases  v/lth  decreasing  inten¬ 
sity,  there  exist  in  magnetohydrodynamics  waves  whose  thickness  in¬ 
creases  with  Increasing  intensity.  These  sire  waves  that  are  close  to 
tamgential  discontinuities,  the  thickness  of  v?hlch,  as  can  be  readily 
seen  from  ( 2.  l)  tends  to  infinity  as  o  -*•  tt. 
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PERTURBATIONS  OF  THE  MAGNETIC  PIEID  IN  WAVE 
AND  JET  MOTIONS  IN  A  CONDUCTINO  MEDIUM 

L.I.  Dorman 
Moscovr 

§1.  PERTURBATION  OP  MAGNETIC  FIELD  IN  WAVE  MOTIONS  OP  A  C(»lD(RZnNa 
MEDIUM 

Let  us  find  the  perturbation  of  a  magnetic  field  occurring  In  the 
propagation  of  gravitational  waves  over  the  surface  of  a  situ¬ 

ated  In  a  homogeneous  magnetic  field.  In  the  case  of  smaTi  magnetic 
Reynolds  numbers.  We  shall  assume  here  that  the  amplitude  a  of  the 
wave  Is  much  smaller  than  the  wavelength  X.  In  this  case  we  can  neglect 
In  the  Navler-Stokes  equation  the  term  (vV)v  con^aared  wlHi  the  term 
Sv/Bt,  and  the  velocity  distribution  In  the  moving  liquid  will  have  In 
accordance  with  [1]  the  form 

ti»,  =  — u/);  tr,==0; 

W,  =  /1*C^COS  (*x  — Cl)/),  (J-1) 

where  k  =  27r/X,  o  =  aind  ^  is  the  acceleration  due  to  'gravity. 

The  coefficient  A  Is  connected  with  the  wave  amplitude  a  and  with  the 
velocity  of  propagation  u  =  Su/Sk  =  ^  ^g/k  by  the  relation  A  =  2ua  = 

=  a^g/k.  Here  the  z  axis  Is  directed  vertically  upward  and  the  xy 
plane  Is  chosen  to  be  the  eq:uillbrlvim  plane  surface  of  the  liquid.  The 
perturbations  of  the  magnetic  field  TT  for  small  magnetic  Reynolds  num¬ 
bers  and  small  Hartmann  numbers  is  given  by  the  equation 

(1-2) 

where  a  Is  the  conductivity  of  the  medium  and  If  Is  the  external  field 


c 


(In  our  case,  homogeneous).  Substituting  (1.1)  in  (1.2)  we  obtain 
AA,= «*'  [M^eos  (jbr-a/)+/y,  sin  (Ax  -  «o0]] 

forx<0.  (13) 


AA,=  it^^»(/f^sin(Ax-.=.0-/y,cos(Ax-w/jJ  | 


AA^=0  I  fpr  *>0. 

A*,-0  ^ 

We  seek  a  solution  of  (1.3)  and  (1.4)  In  the  form 


(1.4) 


A,  =  5  (2)  ^  i4A*  (//,  cos  (Ax — wO  +  //,  sin  (Ax  -  t-OJ* 


(1.5) 


Substituting  (1.5)  In  (1.3)  and  (1.4)  we  obtain  for  q)(z)  the  equation 

(«*•  for  z<0, 

,''(2)-A»?(z)«|q  2^0^  (1.6) 


the  solution  of  which  has  the  form 


for  *<0, 


9W  =  |2Ar-2A/  '  -  (1.7) 

\e/^+c^e-**  for  t>0. 


Prom  the  fact  that  the  solution  must  ue  bounded  at  infinity.  It  follows 


that  Cg  =  <53  =  0.  The  constants  c^^  and  c^^  are  determined  from  the  con¬ 


dition  that  the  solutions  must  be  Joined  together  on  the  boundary  at 


z  =  0,  namely  c^^  =  0;  C2j^  =  — l/^k‘^ 

Substituting  the  obtained  value  of  ^(z)  in  (1.5)  we  obtain 


=  R«  [ W,  cos  (Ax—  t^O  +  /y,  sin  (Ax  —  o/j}  X 
(e^[\-2kziir  z<0, 

if  2>0.._ 


(1.8) 


where 


R-  = 


r.-}A  -O’hui  aavgix 


c»/2’ 


Analogously  we  get 


A,  =  0, 

■  R.  sia  (Ax  —  6>0  - //,  cos  (Ax  —  laOl  X 


(1.9) 

(1.10) 


-2*A  if  x<C|, 


If  x>a 
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'i 


(1.11) 


Thus,  the  field  pertvirbatlon  Is  represented  by  a  vector  with  amp¬ 
litude 

which  rotates  In  the  x,z  plane  with  frecpiency  u).  (1.12)  It  fol¬ 
lows  that  the  maximum  of  the  i)erturbatlon  |h|  Is  located  at  a  depth 
z  =»  — l/2k  =  — X/47r.  The  dependence  of  (hj  on  _z  is  plotted  In  Pig.  1. 


Pig.  1.  Dependence  of  the  amplitude  of  the  perturba¬ 
tion  of  the  field  on  z. 


By  way  of  an  axanple  let  us  estimate  the  field  perturbation  dvie 


to  gravitational  waves  In  liquid  sodium  and  In  sea  water.  Since  In  the 

17 

former  case  a  ~  10  '  we  obtain,  putting  a  -  1  cm  and  X  ~  10  cm,  - 

_o 

-10  and  In  the  earth's  field  at  H  -  0.5  gauss  we  get  h  -  Hoe  at  z  = 


=  0.  Such  a  perturbation  can  be  readily  measured.  Putting  in  the  second 
case  o  -  2*10^®,  a  -  1  meter  and  X  -  10  meters,  we  obtain  according  to 
(1.9)  Rjjj  -  4*10"^  and  In  the  earth's  field  at  H  -  0.5  gauss  the  ex¬ 
pected  field  perturbation  Is  h  -  0.2y  on  the  interphase,  approximately 


0.2hy  at  a  depth  of  1  neter,  and  It  should  decrease  rapidly,  with  In¬ 
creasing  distance  frcn  the  Interface  In  accordance  with  the  curve  of 

Pig.  1. 

Concluding  this  section,  we  note  that  the  result  obtained  can  be 
readily  generalised  also  to  Include  ripple  and  gravltatlon-rlpple  waves. 
In  this  case.  In  accord  with  [1,  page  290],  the  equations  remain  the 
same  as  before,  but 


(1.13) 

where  a  Is  the  coefficient  of  surface  tension  and  p  is  the  density.  We 
then  obtain  for  In  place  of  (1.9) 


(1.14) 


If  gA  »  oJc/p.  then  gravitational  waves  will  occur,  if  g/k  « 

«  ok/p,  the  waves  will  be  capillary  (or  ripple),  while  if  g/k  -  ok/p, 

the  waves  will  be  capillary-gravitational.  The  dependence  on  x,  t,  and 

z  remains  the  same  as  before  and  is  given  by  (1.8),  (l.lO),  and  (1.11), 

where  should  in  general  be  taken  to  be  as  defined  by  (1. 14). 

§2.  PERTURBATION  C?  I-L-i.G-NETIC  FIELD  IN  THE  CASE  0?  JET  FLOW  IN  A  CON- 
DUCTHra  LIQUID 

2.1.  straight  Line  Submerged  Jet  v;lth  Exponential  Velocity  Distribution 
Assume  that  the  distribution  of  the  liquid  velocity  has  the  form 


=  (2.1) 
and  the  unperturbed  homogeneous  magnetic  field  is  if  =  {d-  Hy-  d) 
Hence 

[r«L  =  (2.2) 

Substituting  (2.2)  in  (1.2)  v/e  obtain  the  initial  equations  for  the 
field  perturbation 

AA,  =  0;  AA,  =  0;  _ 

ii,  =  I//,  cos  ?  +  If,  sla  fj. 
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mrm 


(2.3) 


(■ 


We  seek  a  solution  In  the  Torm 

+  //,sin7].  (2.4) 

Substituting  It  In  (2.3)  we  obtain  an  equation  for  f(p) 

(2.5) 

Its  solution  Is  given  In  the  form 

+  (2.6) 

From  the  condition  that  the  solution  must  be  bounded  as  p 
p  -*  0  we  obtain  Cg  —  0;  =  (2.47rovQpQ)/c^,  hence 

idiere 


4«Woi>,^  •  (2.8) 

For  the  remaining  field  components  we  obtain  h^  =  0;  h^  =  o. 


es  and 
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Figure  2  shov;3  the  dependence  of  hz/Rjjj(H^  cos  <?  +  H,,  sin  •})  on 


2.2.  Field  Perturbation  in  the  Flow  of  a  Viscous  Conducting  Llould  In 


a  Submerged. Pipe 

Let  Pq  be  the  radius  of  the  pipe,  Vq  the  velocity  on  the  pipe 
axis,  the  z  axis  chosen  In  the  flow  direction,  the  external  hcscgeneous 
field  IT  =  (H^,  Hy,  H^),  and 

®,=  0;  =  (2.9) 

Then,  In  accordance  with  (1.2),  we  obtain 


IL  (2.10) 

'  lo.  If  P>?<r 


We  seek  h.  In  the  foim 
z 


For  f(p)  we  <\btaln  the  equation 


OnOVn  .A  ^ 

^  lo,  If 

The  solution  of  Eq.  (2.12)  has  the  form 


(2.11) 


(2.12) 


/(?)=  ^ 

f  +  C,p.  If  ?>?». 


(2.13) 


From  the  requirement  that  the  solution  be  bounded  as  p  — ►  0  and  p  -»■  » 
we  obtain  c^^  =  c^  =  0.  The  conditions  that  the  solutions  must  be  Joined 
at  p  =  Pq  yield  =  -2-ov^c^;  c^  =  ttoVqP^c^.  Substituting  (2.13)  In 
(2.12)  we  obtain 

If  P^P» 

A,  =  — R„(^/,cos?  +  //,sin7)  P®V  ‘^0' 

^  if  ^  ^  ^ 


(2.14) 


where 


(2.15) 
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For  the  remaining  components  we  obtain  =  hy  =  0. 

The  dependence  of  h_  on  p  Is  shewn  In  Pig.  3.  The  Jet  In  a  pipe 

z 

submerged  In  liquid  sodium  at  o  -  10^^,  Vq  -  10  cm/sec,  Pq  ~  3  cm, 

_o 

gives  a  field  perturbation  defined  by  -  10  .  Dj  sea  water  at  a  - 

"•  3»10^®,  flow  with  a  cross  section  defined  by  Pq  -  100  meters  with  a 
velocity  Vq  -  3  gives  rise  to  a  perturbation  defined  l>7  “  10”^* 

and  in  the  earth*3  field  this  yields  h  ->  5y* 


Fig-  3-  Character  of  decrease  In  the  field  per¬ 
turbation  with  increasing  distance  from  the 
pipe  axis. 
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LAMEIAR  FLOW  OF  A  CONDUCTING  LIQUID 
IN  A  HOMOPOLAR  ENGINE 

V.S.  Yargln 
Moscow 

*  *  * 

In  the  present  paper  we  solve  the  problem  of  isothermal  flow  of 
an  Incompressible  conducting  liquid  in  a  homopolar  engine  of  finite 
height.  Hie  case  of  small  Hartmann  numbers  (M)  Is  considered.  Using  an 
eiqiamslon  In  as  a  small  parameter,  expressions  are  derived  for  the 
flow  velocity,  the  magnetic  field,  and  the  current  field  In  first  and 
second  approximations.  The  coefficient  of  hydraulic  resistance  Is  In¬ 
troduced  and  Its  dependence  on  the  geometrical  dimensions  of  the  setup 
Is  Investigated. 

•  *  » 

The  homopolar  engine  is  an  axially  sin?metrlcal  setup  consisting 
of  two  coaxial  cylindrical  electrodes,  bounded  on  the  ends  with  dielec¬ 
tric  covers,  and  filled  with  a  conducting  liquid.  In  addition  to  the 
electric  field  between  the  electrodes,  a  homogeneous  axial  magnetic 
field  Hq  is  produced  In  the  apparatus.  Under  the  influence  of  the  ampere 
force  produced  in  the  crossed  fields,  the  liquid  In  the  homopolar  en¬ 
gine  is  set  in  motion. 

The  'theory  of  this  motion  has  teen  little  studied.  Only  particular 

cases  of  isothermal  flow  of  an  incompressible  liquid  were  Investigated. 

Thus,  S. I.  Braglnskll  [4]  has  Investigated  the  case  of  large  numbers 
f'  "  "  P  P  o 

H  =  (uHQL/c)yo/q  a.nd  N  =  u  H  L?/c  pv,  when  the  magnetic  forces  are  - 
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much  larger  than  the  viscous  and  Inertial  forces.  Chang  and  Lundgren 
[5l  investigated  the  flow  In  a  very  thin  horaopolar  engine,  neglecting 
the  influence  of  the  side  walls;  they  have  considered  only  one  of  the 
possible  solutions.  In  which  the  velocity  and  the  azimuthal  magnetic 
field  are  inversely  proportional  to  the  distance  from  the  axis  of  the 
apparatus.  The  work  of  G.V.  Gordeyev  [6]  concerning  the  flow  of  liquid 
In  a  homopolar  engine  of  finite  height  contains  erroneous  assxanptlona, 
which  will  be  discussed  below. 

In  our  paper  we  consider  stationary  Isothermal  flow  of  an  Incom¬ 
pressible  liquid  In  a  homopolar  engine  of  finite  height  at  .small  Hart¬ 
mann  niunbers  (H  <  l).  ' 

The  problem  posed  can  be  completely  formulated  by  means  of  the 
following  set  of  equations  [1,  3]; 

(y  V)  t/- // -  - -L  V.},  +  V 

(t/V)  // -  (WV)  y = (1) 

vy=o, 

where  v  =  tj/o  is  the  kinematic  coefficient  of  viscosity,  =  c®/4iro 
Is  the  coefficient  of  diffusion  of  the  magnetic  field,  aind 

It  is  assumed  here  that  the  ordinary  conditions  under  which  the 
magnetohydrodynaralc  equations  are  valid  [1-3]  are  satisfied. 

Let  us  cheinge  over  to  dimensionless  quantities,  putting 

~  y,  =  . 

^’ = f b’J' = f  I)  j  ^  A’J , 

where  Lq  and  are  the  outside  radius  and  half  the  height  of  the  ap¬ 
paratus,  Pq  Is  the  pressvure  near  the  outside  wall;  Is  a  constajit, 
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for  the  time  being  \:mdet ermine d,  havlr^  the  dimensionality  of  the  mag¬ 
netic  field  Intensity;  Vq  =  Is  the  characteristic  velocity;  - 

E  =  Pq/pVq  Is  the  Euler  number,  and  S  =  tiH^/^TrpV^. 

Then,  taking  Into  account  the  cylindrical  symmetry  of  the  problem, 
we  obtain  the  following  system  of  equations; 


(2) 

vv,'-  ~  +  V  + ^‘) + 

(3) 

+  r(v'^+ v,5^); 

w 

.  (5) 

(6) 

V'».. 

(7) 

Or  ^  r  dz 


(8) 


where  R  =  pLqV^ti  is  the  Reynolds  n\m-.ber;  6  =:  Lq/L^;  a  =  = 

=  (S^/dr^)  +  (S/rSr)  +  Under  the  conditions  of  our  problem, 

a  <  1. 

In  these  equations  the  connection  between  the  motion  of  the  con¬ 
ducting  medium  and  the  magnetic  field  is  characterized  by  the  Kairtmam 
ntuaber.  If  H  <  1,  the  interaction  between  them  Is  weak  and  the  system 


of  equations  (2-8)  can  be  solved  by  expansion  In  I-r  as  a  small  param¬ 


eter. 


Using  this  expansion  and  neglecting  In  first  approximation  the 
axial  and  radial  velocities,  we  obtain  the  following  first  approxima¬ 
tion  system  of  equations: 


dx 


From  among  the  second  approximation  equations,  we  give  the  equa¬ 


tion  for  h' 


(A?=a?»=(9, 


which  Is  determined  only  by  the  first-approximation  quantities 


f*  St  ‘ 


The  boundary  conditions  for  the  velocity  will  be  assumed  In  the 


form 


V',=0 


*=±l. 


where  e  =  r  = 

On  the  side  walls,  in  view  of  their  Ideal  conductivity,  we  have 

£5  =  0.  £,  =  0. 

On  the  ends  we  have  =  0  and  h^  =  —Iqz/cLqU^t  or  h^  =  — 62/r, 
z  =  +1,  If  we  define  the  constant  as  z  »  +1, 

u-^  (15) 

Going  over  to  the  magnetic  field  Intensity  sind  using  the  assimsp- 


tlons  made  above,  we  obtain  the  boundary  conditions  for 


i  r 

z=±U 


r  =  t 

r=l. 


(16) 


2  =  ±1. 


—  f-rAy*  — 0 

r  dr  ^ 

i  =  Z 

T=  I . 


(17) 


In  the  first  approximation  the  magnetic  field  is  Independent  of 
the  liquid  flow  and  Is  formed  by  the  axial  field  h^^^  =  1  and.  by  the 
azimuthal  field  The  latter  is  described  by  Eq.  (12)  with  Bound¬ 

ary  Conditions  (1?)  and  represents  the  field  of  a  current  flowing  in 
the  inner  electrode 


A, 


(18) 


This  magnetic  field  corresponds  to  a  radial  electric  current  = 


=s  const/r,  which  is  independent  of  the  coordinate  z. 

It  is  possible  to  neglect  the  velocities  and  if  the  follow¬ 
ing  conditions  are  satisfied 

which  follow  from  Eqs.  (10  and  11).  In  this  case  p  =  1. 

Thus,  in  the  first  approximation  the  pressure  is  constant  over  the 
entire  volume  of  the  apparatus,  the  electric  current  has  only  a  radial 
component  which  is  independent  of  the  coordinate  z,  and  the  velocity 
of  flow  is  described  by  the  equation 

■  <<11  •  <^tfe  • 

(19) 


dn  r  dr  dz^  r^  #■' 


The  applicability  of  the  proposed  method  of  solution  for  liquid 

p 

metals  is  determined  by  the  possibility  of  expansion  in  M  and  is 
therefore  limited  to  the  region  of  weak  magnetic  fields.  For  electro¬ 
lytes,  a  more  important  factor  is  the  possibility  of  neglecting  and 
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V^,  l.e.,  the  condition  E  >  1,  which  limits  the  flow  velocity  (Vq  < 

<  10^  cin/sec)  eund  the  magnitude  of  the  ampere  force  This  Is 

particularly  noticeable  when  >  1  a/cm,  when  the  condition  M  <  1  Is 
automatically  satisfied. 

A  comparison  of  the  system  of  equations  and  boundary  conditions 
(9#  12,  l4,  15)  and  of  Reference  [5]  with  that  proposed  by  6.V.  Gor- 
deyev  [6]  shows  that  the  latter  was  Inconsistent  and  consequently  Eq. 

p  o 

(2)  of  his  paper  contains  a  term  V^cdz  .  Under  his  assunqitlon 
that  only  a  radial  crirrent  exists  and  with  his  formulation  of  the 
boundary  condition  for  the  cijtrrent  on  the  side  walls,  which  hold  true 
only  when  M  «  1,  the  term  mentioned  above  should  be  discarded.  Its 
retention  leads  to  the  violation  of  the  current  continuities  law.  Zn 
addition,  the  author  shows  the  problem  for  a  boundary  condition  that 
Is  known  to  be  Incorrect,  assximlng  the  current  in  the  liquid  at  the 
end  covers  to  be  equal  to  zero,  which  Is  clearly  a  misunderstanding. 

As  a  result  of  these  circumstances,  the  solution  given  In  [6]  Is 
In  error  and  It  Is  necessary  to  give  a  new  one,  something  that  Is  done 
below  for  the  first  approximation  equation. 

The  solution  of  Eq.  (I9)  will  be  sought  In  the  form 

V-Ar.z)  =  R{r)Z(z)^-V„[r)  (20) 

(the  symbol  (1)  has  been  left  out  for  convenience  In  notation). 

Substituting  (20)  in  (19)  and  separating  the  variables,  we  obtain 
equations  for  the  determination  of  the  functions  R(r),  Z(z),  and  V^(r) 

Vi  +  lvr -i  V'„-1.=0 

where  Is  the  variable  separation  constant. 

The  botindary  conditions  for  these  equations  follow  from  (14): 
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v,(i)=V’,o)=0: 

mz(±l)+v^(r)^0.  .  (22) 

After  finding  the  solutions  of  Eqs.  (21)  and  substituting  them  In 
(20),  we  obtain  the  following  expressions  for  the  flow  velocity 


Where  are  cylindrical  functions  of  order  1. 

Xjj  la  the  root  of  the  equation  ~  ®' 


A  — **^-"*.  A _ 

— I _ jl*  - 


.A  *  V 


ft  -  >  b^o.j-bm 

The  Influence  of  the  end  covers  on  the  velocity  Is  described  by 

m 

the  term  T  ^^Bifljrychit^z).  For  the  central  cross  section  (z  «  l)  the 
value  of  this  term  decreases  with  increasing  length  of  the  apparatus. 


When  6  -♦  0  we  get 


Vr  V„(r)=i[4(r-^)+rlnr], 


Which  coincides  with  the  solution  obtained  for  Infinitely  long  cylin¬ 
ders  by  G.V.  Gordeyev  and  A. I.  Gubamov  (3l. 

The  profile  of  the  velocity  field  depends  on  the  ratio  of  the 
radii.  The  maximum  of  the  velocity  Is  alv.'ays  shifted  toward  the  inter¬ 
nal  electrode.  When  e  =  0  (the  Internal  electrode  is  a  filament),  the 
velocity  has  a  maximum  at  r  =  O.368  and  reaches  O.18  Vq.  With  Increas¬ 
ing  e,  the  maximum  of  the  velocity  Increases,  approaching  the  center 
of  the  dlstaince  between  electrodes.  The  influence  of  the  end  covers 
smooths  out  the  velocity  profile  without  changing  noticeably  the  posi¬ 
tion  of  the  maximum.  This  influence  is  particularly  noticeable  for 
shortened  cylinders. 
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The  average  flow  velocity  Is 


-  .  I  I  f  t-ln* 

-365  V  (24) 

*--»•  ^ 

Where  Q^(r)  la  the  Lonmel  function  [7]. 

The  average  velocity  Increases  with  decreasing  6  zmd  e.  As  6  -^0 

and  e  -♦  0  we  have  "*^q/9  and  amotints  to  approximately  0.6  of  the 

maximum  value.  '  • 

Substituting  (23)  In  (13)  we  obtain  an  equation  for  the  determina¬ 


tion  of 

9 


^  »i 


Its  solution  has  the  form 


[/?» (V)  sin  n  «^  + 1 J*  PV)  S>  (v,*)] , 


where 


C.  =  (-l)'2 


A,  =  wz8, 

5A(v,)  i:A(yJ  * 

^  J  A J  -  5.  (-'U  «’o(A.)I 


f  f.OK)  -  BAsK)  fAU 

D  n>'.2=^J _ f *'*'**' _ _  . 

To  change  over  to  the  current  field,  we  use  the  equations 


'  dz  ‘  Or  ^  r 

Where  1  =  ~S/iQ  la  the  dimensionless  current  density;  Jq  =  cH^^/^ttLq  = 


dAf  Ay 
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On  the  basis  of  these  equations  we  obtain 

I? = —  1  [*.^i  (*,'■)  TJtz  +  j'  fl,  r*,o  s,  (v^)j , 

X  V)  «'«  r  -g  ^''•^^1  • 


where 


S..(V)=sI(i»,2)=^v. 


chv^ 

sh  >, 


z 


shv^  ch>^ 
ch  V,  ch  V,  * 


We  see  from  (27)  that  in  the  central  cross  section  and  near  the 
ends,  the  second  approximation  radial  current  Is  maximal,  while  the 
axial  Is  equal  to  zero.  Thus,  the  second  approximation  current  Is  an 
eddy  cia-rent  in  the  meridional  pleuies,  while  nesir  the  ends  It  coincides 
In  direction  with  the  first  approximation  current,  and  In  the  central 
section  It  Is  directed  opposite  to  It. 

The  volume  force  J^Hq/p  assximes  for  the  flow  of  conducting  liquid 
In  the  homopolar  engine  the  role  of  a  pressure  gradient,  and  It  Is 
therefore  convenient  to  Introduce  a  hydraulic  resistance  coefficient  i, 
defined  by  the  relation 


(28) 

c  *  2i  ' 

where  d  =  rgCl  —  e)  Is  the  distance  between  electrodes;  R  =  pVd/q  Is 
the  Reynolds  number. 

For  laminar  flow  It  Is  usually  assumed  that  i  has  the  following 
dependence  on  the  properties  of  the  liquid  and  the  dimensions  of  the 
apparatus  [2]: 


5  =  ^.I.(e,5).  (29) 

where  4i(e,  6)  Is  a  form  factor  that  depends  only  on  the  geometrical 
dimensions  'of  the  homopolar  engine. 

Using  (24,  28,  and  29)  we  obtain 

'  36(1+0? 
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Pig.  1.  Dependence  of  the  value  of  the 
form  factor  <I>(e,  6)  on  e  =  r^/rg  for  dif¬ 
ferent  6  =  l)  6)  for  6  =  0; 

2) 

6  = 

for  6  =  2. 


)  «(e,  6)  for  6  =  0.25;  3)  <I>{e.  6)  for 
=  0.5;  4)  <l>(e,  6)  for  6  =  1;  5)  ^(e,  6) 


«=i  *«  * 


where 


‘D(*.  0)  = 


»3(i+ty(i-«r 

n-t)’(l  +  0T-6iMn«  ~ 


Is  the  form  factor  for  Infinitely  long  apparatus. 

The  dependence  of  ^{e,  6)  on  e  and  6  is  plotted  in  Pig.  1. 

For  elongated  cylinders  (6  <  l)  the  value  of  «(£,  6)  increases 
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slowly  with  increasing  5.  ’.i/hen  6  =  1/2,  the  relative  value  of  the  form 
factor  6)/C'(e,  0)]  Is  equal  to  1.1.  When  6  =  1,  this  ratio 

reaches  1.2-1.36,  depending  on  e.  For  foreshortened  Installations 
(6  >  1),  the  value  of  ^(e,  6)  Increases  more  rapidly  with  Increasing  6 
and  the  role  of  the  end  covers  rapidly  Increases  and  soon  becomes  de¬ 
cisive.  When  6  =  2  the  relative  magnitude  of  the  form  factor  is  1.5-2, 
and  when  6  =  4  it  Is  already  3-5* 

In  conclusion,  I  consider  It  a  pleasant  duty  to  express  deep 
gratitude  to  Professor  M.P.  Shirokov  for  interest  In  the  work  and  for  . 
useful  consultations. 
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COi'XSRjmJG  TURBUISOT  HYDROMAGNETIC  FLOW 
IN  A  HOMOPOLAR  ENGINE 

Ye.P.  Vaulin,  V.I.  Babetskly 
Moscow 

Turbulent  flow  of  a  conducting  liquid  between  coaxial  cylinders 
In  a  homogeneous  magnetic  field  directed  along  the  2ixls  of  the  cylin¬ 
ders  Is  considered.  Formulas  are  derived  for  the  calculation  of  the 
profile  of  the  average  velocity  and  for  the  resistance  coefficient. 

1.  TURBULENT  FLOW  BETWEEN  COAXIAL  CYLINDERS  WITHOUT  A  MAGNETIC  FIELD 

Before  we  proceed  to  consider  hydromagnetlc  flow,  let  us  analyze 
briefly  ordinary  hydrodynamic  pressure  flow  between  coaxial  cylinders. 

It  is  known  [1]  that  in  the  core  of  a  completely  turbulent  stream 
In  a  cxirvillnear  channel  the  product  of  the  velocity  and  the  radius 
vary  little  with  the  radius,  i.e.,  ur  *=  Mq  =  const.  This  enables  us  to 
represent  the  distribution  of  the  angular  momentum  in  the  core  of  the 
flow  in  the  form 

=  (l) 

where  Mq  Is  the  maixlmum  value  of  the  angular  momentum,  mQ  is  the  scale 
of  the  angular  momentum  of  the  pulsating  motion,  i  is  the  dimensionless 
coordinate,  to  be  defined  below. 

The  quantity  ur  reaches  the  value  Mq  at  a  certain  point  rp.  A 
circle  of  radlxis  rp  divides  the  channel  into  two  parts  of  width  b^^  = 

=  rp  —  r and  bg  =  -3  ”  ^p*  ^1  ^2 

ternal  and  external  cylinders,  respectively.  The  radius  Tp  character¬ 
izes  the  Influence  of  the  chamel  curvature  on  the  flow.  In  each  of 
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the  parts  of  the  cha~r*el  we  shall  use  as  a  dlr.ensionless  coordinate 
the  quaintlty  i  =  y/o,  where  ^  is  the  distance  from  the  wall  and  b  =  • 

or  bg. 

The  flow  in  the  channel  Is  determined  by  the  following  independent 
quamtitles:  the  pressure  gradient  dp/d;?,  the  density  p,  the  kinematic 
viscosity  V,  the  charnel  width  d  =  b^^  +  bg  =  rg  —  r^^  and  the  radius* 
as  the  curvature  parameter.  Prom  these  we  can  make  up  a  quantity  which 
has  the  dimension  of  velocity  and  is  the  velocity  scale  [1]: 


As  the  angular  momentum  scale  reaches  the  quantity 

wia  r=  u*r^ 

We  Introduce  the  Reynolds  number 


Thus,  the  flow  In  the  chainnel  is  determined  by  the  two  dimensionless 


queintltles  R*  and 
Wte  have 


In  the  core  of  the  flow.  Relation  (l)  holds  true  and  can  be  writ¬ 
ten  in  the  fora 

-=’^=/2(0.  (5) 

The  flow  near  the  wall  is  Independent  of  the  channel  width,  so 
that  we  assume,  as  is  cuistomary,  for  the  region  next  to  the  wall 


^=/.(R*l).  (6) 

In  some  region  Sqs.  (5)  (6)  should  be  satisfied  simultaneously. 

From  Eq.  (4)  we  have 


•-’fi(RM)  =  9(R'). 
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where  iip  =  Kq/t. 

Wattendorf  has  found  [1]  that  in  the  core  of  a  turbulent  stream 
the  "velocity  defect"  (Up  —  u)/u*  is  a  universal  function  of  5,  tdiich 
is  the  same  for  both  walls  of  the  channel,  something  that  does  not  con¬ 
tradict  (1^),  since  in  his  experiment  the  quantity  r/r  was  of  the  or¬ 
der  of  unity.  The  correctness  of  the  "velocity  defect"  law  (14)  needs 
experimental  verification  in  channels  with  appreciable  curvatiu^e,  i.e., 
those  for  which  (1*2  ~  very  small.  It  is  easy  to  see  that 

Eqs.  (12,  13,  and  14)  go  over  into  the  ordinary  velocity  laws  for  flows 
in  straight  channels  when  (rg  —  -►  0. 

Resistance  Coefficient 

We  define  the  resistance  coefficient  of  the  channel  under  con¬ 


sideration  in  the  following  manner 


1  dp  20 
<1?  Mr*  ’ 

?7r 


(15) 
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where  D  is  the  so-called  "hydraulic  dlaneter. " 

We  Introduce  the  average  values  of  the  angular  ronienta  for  the 
two  halves  of  the  channel,  up*  and  up*,  and  fom  the  quantities  and 
fg  by  means  of  the  formulas 

¥  It  *  I* 

The  average  value  of  the  momentum  over  the  section  of  the  channel 

is  —  ■  - 

7,7  —  JL'At+Ji£ti 

(17) 


where  d  la  the  width  of  the  channel. 

Combining  (2,  15,  l6,  and  1?)  we  obtain 

n 

/- 


(18) 


(A//.  +  )'W 

On  going  to  the  limit  of  a  straight  channel,  the  quantities  f,  f, , 

\ 

and  fg  go  over  Into  the  resistance  coefficient  of  a  straight  channel, 
defined  In  the  original  manner. 

We  can  derive  for  the  qimintlties  f^  and  fg  a  law  which  Is  similar 
to  the  law  of  relstance  of  straight  channels. 

Indeed,  from  (11)  vre  obtain,  for  example,  fcr  the  internal  vreill 


(19) 


which  together  with  (10,  11,  15,  and  l5)  yields 

|/?  =  .nnR;+C-A  (20) 

2.  MAGIETOHYPRODYJrAiMIC  PLOW  BETWEEN  COAXIAL  CYLPSEHS 

We  now  consider  the  flow  of  a  conducting  liquid  In  the  presence 
of  a  magnetic  field,  directed  along  the  axis  of  the  cylinder.  An  ex¬ 
ample  of  such  a  flow  may  be  the  flow  in  a  hcmopolar  engine,  where  the 
role  of  the  pressure  gradient  dp/d?  is  ass-'umed  by  the  ampere  force  JH, 
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where  J  Is  the  total  cxirrent.  It  teccnes  possible  here  to  carry  out  a 
dlEenslonless  ar^ysls,  similar  to  what  was  done  by  Harris  for  straight 
channels  [2]. 

In  addition  to  the  dimensionless  parameters  R*  and  i  Introduced 
above^  It  Is  also  necessary  to  Include  one  magnetohydrodynamlc  param¬ 
eter,  namely  the  Hartmann  number,  defined  by  the  formula  =e 
Here  b  Is  the  same  as  before,  t)  Is  the  viscosity,  and  Hq  Is  the  field 
along  the  cylinder  axis. 

We  thus  have 

(21) 

Near  the  wall  the  flow  Is  Independent  of  the  channel  dimensions, 
so  that  we  should  have  for  the  region  near  the  wall 

(22) 


WAhln  the  core  of  the  turbulent  flow,  the  influence  of  the  vis¬ 
cosity  does  not  come  Into  effect,  and  therefore  we  have  away  from  the 
walls 

M, — or 


(23) 


In  some  region  Eq,s.  (22)  and  (23)  are  valid  simultaneously,  so  for 
that  region  we  have 

=  (24) 

where  q)(R**  M)  =  Mq/iHq. 

Differentiating  (24)  with  respect  to  R*,  and  M  we  obtain 
d{nrlm^ 

Oi 


J(:rr'nr', 


p.  1  M 

^  -  dr  ' 

(25) 

df, 

/  JciMVR-)  ’ 

(26) 

d/, 

‘  di:u)  M  R*  • 

(27) 
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Substltutlns  (26)  and  (27)  In  (25)  we  get 


^  uK*  ‘  ‘  (>.M  ■  R'  *>(M-;R’)  ‘ 


Inasmuch  as  the  left  half  depends  only  on  R*  and  M,  and  the  right 
one  only  on  5  and  H^/R*,  both  halves  can  be  functions  of  M^/h*  only. 


l.e.. 


.jh.t'V  dU  _  = 
of R»  d (M-/R*)  '*•  V RV ' 

Analogously,  eliminating  f^  from  (26  and  28),  we  get 

V(R%  ■*■*''' 


Prom  (29  and  32)  we  determine  the  function  9  In  terms  of  the  func¬ 


tions  gi  and 


ana  gg 


5  (R  *.  (^i)  +  (r^)  ' 


Here 


G.W= / ^  dx,  G,^-- 

In  exactly  the  same  vra.y  v;e  have  from  (30,  31) 

Inasrnuch  as  f^(M^/^*,  l)  =  0,  we  should  have 
In  order  to  satisfy  (24)  we  should  have 

Q^{x)  =  G^(x). 


=  — Gj^(x),  and 


j,  all  three  functions,  9,  fg,  and  f^,  are  expressed  in  terms 


of  Gj^  and  Og: 
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(37) 


(33) 

(39) 


In  order  to  determine  the  connection  between  the  solutions  ob¬ 
tained  here  and  the  solutions  for  flov;  without  a  magnetic  field,  we 
Introduce  In  place  of  and  Gg  other  functions,  namely: 


G,(jf)=-.ilii3t+/=;(x),  (40) 

a.(xf=-2.\lnx-i-C+Fj(x).  (^1) 

Then  the  sought  functions  will  have  the  form 

+  +  (42) 

+  ,44, 


Wien  M  *  0  we  have  =  Pg  =  0  and  Relations  (42-44)  go  over  Into 
the  corresponding  expressions  (9-11) • 

The  resistance  coefficient  Is  determined  as  before  by  means  of 
Formulas  (15*  l6*  18). 

From  the  velocity  defect  law  (43)  we  have,  for  example  for  the 
Internal  wall. 


which  with  allowance  for  (42)  yields  the  following  resistance  law; 


In  conclusion  we  note  that  It  follows  from  the  mean  of  the  derlva 
tion  of  the  relations  (9-11)  aixi  (42-44.)  and  from  the  necessity  that  • 
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they  go  over  Into  the  corresponding  relations  fcr  plane  channels,  that 
the  constzints  A  and  C  as  well  as  the  form  of  the  fxinctlons  and  Fg 
apparently  be  the  same  as  In  straight  channels,  v;hlch.  Incidentally, 
calls  for  an  experimental  verification. ' 
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FLOT  OP  CONDDCTDIG  VISCOUS  LIQJID 
IN  A  POROUS  ANNULAR  TUBE 

N.P.  Dzhorbenadze^  D.V.  Sharlkadze 
Tbilisi 

The  flow  of  viscous  incompressible  liquid  In  areas  with  boimded 
porous  surfaces  has  recently  been  studied  In  [1-3]  &nd  In  seve3?al  other 
papers,  irtiUe  the  known  papers  by  Hartmann  [4]  and  [5-71  devoted 
to  the  flow  of  a  viscous  electrically  conducting  liquid  In  regions 
with  solid  boundaries  situated  In  a  magnetic  field. 

In  the  present  work  we  consider  two-dimensional  stationary  and 
nonstationary  flow  of  a  conducting  viscous  incompressible  liquid  In  a 
porous  annular  tube  of  Infinite  length,  v/hen  an  external  homogeneous 
magnetic  field  Is  applied  perpendicular  to  the  cylinder  axes.* 

Assume  that  the  main  flow  of  liquid  is  parallel  to  the  cylinder 
axes  and  that  liquid  enters  through  the  pores  of  one  cylinder  Into  the 
region  of  main  flow  and  leaves  through  the  pores  of  the  second  cylin¬ 
der  behind  the  region  of  motion,  i.e.,  that  the  motion  Is  cruciform. 

We  choose  a  cylindrical  coordinate  system  r,  B,  z  and  align  the  oz 
axis  with  the  cylinder  axis.  We  denote  the  cylinder  radii  by  a  and  b, 
with  a  >  h. 

We  assume  that  the  amount  of  liquid  leaking  In  Is  equal  to  the 
amount  of  liquid  leaking  out.  This  will  occur  if  the  following  condi¬ 
tion.  Is  satisfied 

er.(0  =  fcv,(a  (1) 

where  v^(t)  and  Vjj(t)  are  the  specified  values  of  the  corresponding 
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velocity  conponent  on  the  surfaces  of  the  cylinders. 

Let  the  specified  external  transverse  nagnetlc  field  Hq  satisfy 
the  condition  . 


(2) 


where  H*q  is  the  value  of  the  external  magnetic  field  on  the  Inner 
cylinder,  and  6  =  b/a. 

3he  fundamental  equations  of  magnet ohydrodynamlcs  In  cylindrical 
coordinates,  when  the  liquid  flow  Is  symmetrical  relative  to  the  oz 
axis  and  the  velocity  and  magnetic  field  Intensity  components  depend 
only  on  r  and  Jb  will  have  the  following  form:  ■ 


dt  dr  4^p  '  dr  dr  [/•  dr  pdr^^SK/* 

dt  'dr  <sp  '  dr  ^  {dr^^rdrj  pdz\^'^8Jt/’ 


dt  ^  'dr  dr  ^  •\dt*  ^  r  dr  .  r»/' 
H  4-v  i  * 

^  IT llF  + 


(3) 

(4) 

(5) 

(6) 


l|(r//,)  =  0.  (7) 

l|r(r.,)  =  0,  (8) 


where  v^  and  v^  are  the  components  of  the  velocity,  and  are  the 
components  of  the  magnetic  field  intensity  along  the  cylindrical  coor¬ 
dinate  axes  r  and  z,  p  is  the  density  of  the  licpaid,  _£  Is  the  hydrody¬ 
namic  pressure,  v  =  u/p  is  the  kinematic  ccefficient  of  viscosity,  and 

O 

Vjjj  =  c  /^TTO,  where  a  is  the  ccefficient  of  electric  conductivity. 

The  solution  of  the  system  (3-3)  must  he  sought  under  the  follow¬ 
ing  boundary  conditions 


vjr.0)  =  v*(r) 
v,(r.O)  =  v^(f) 
r,(j,0  =  v,(5.0  =  0 

v,(a,0^v,(0 


/',(^0}  =  /^(r) 
/^,(hQ)  =  //?(r) 


(10) 
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where  v®(.r),  v®(r),  H^(r)  are  the  valued  of  the  velocity  and 

magnetic  field  Intensity  components  at  the  Initial  Instant  of  time, 
and  the  boundary  condition  for  Is  obtained  from  the  condition  that 
the  tangential  component  of  the  vector  H  be  continuous.  At  the  Initial 
Instant  of  time  v^(t)  and  Vjj(t)  are  equal,  respectively,  to  v^^  and  Vj^, 
which  are  given. 

In  the  nonstationary  case  we  obtain  directly  from  (1,  2,  7,  and  8) 
for  the  radial  velocity  and  magnetic  field  Intensity  coaqponents  v^  and 

V 

.  (U) 


(12) 

Substitution  of  (11  and  12)  Into  the  main  system  of  equations 
(3-6)  shows  that  Eq.  (5)  Is  satisfied  automatically  and  from  (3)  we 


obtain 


Prom  this  and  from  (4)  It  follows  that  Sp/pdz  Is  a  function  of  t  only, 

and  to  determine  the  longitudinal  components  of  the  velocity  v^  and  of 

the  magnetic  field  Intensity  H_  we  obtain  the  following  system  of  equa- 

z 


tlons: 


dv,_  A[{)  d;^, _ 

di*  dt  r  dr  ^  i-^r  dr  V-*o; 

dH,  _A,{t)dH,  Bdv, 

"  dr^  dt  r  dr  ^  r  dr  '  (l4) 


wnere 


^  (/)  ==  V  —  077,  (0  =  V  —  4v,(0, 

We  assume  that  the  voltage  drop  along  the  tube  axis  changes  froa 
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the  Instant  t  =  0  In  accordance  with  a  specified  law,  l.e.,  we  assvune 
the  function  f(t)  to  be  known. 

The  solution  of  the  system  (I3,  14)  subject  to  the  conditions  (9» 
10)  can  be  reduced  to  the  follov/lng  Integral-differential  equations 

[2, 3.  9]:  ; 


B  dH. 

1  1  * 

4spig  dq 

Ud-^dH. 

1  r,  dr,  * 

ij  dijJ 

where  t)  and  F2(r,  t)  are  the  solutions  of  the  heat  conduction 

eqx;iatlon 

3F.  dPF, 

dt 

which  satisfy  the  conditions  (9,  10),  and  G  Is  the  Green’s  function  of 
the  heat  conduction  equation.  The  determination  of  and  Fg  reduces 
to  a  system  of  Volterra  Integral  equations  of  the  second  kind  with 
regular  kernel. 

We  seek  the  solution  of  (16)  by  the  method  of  successive  approxi¬ 
mations.  For  this  purpose,  after  differentiating  the  system  (I6)  once 
with  respect  to  r  and  considering  in  place  of  this  system  one  with 
parameter  a,  v/e  obtain  for  the  determination  of  Sy  /5r  and  SH  /3r  the 

u  z 

following  system  of  integral  equations 


L  5 

dfi,' 

d,  ^ 

We  seek  the  solution  of  (17)  In  series  form 


MHhaiiK 


fiWiiiliiiiBHii 


I'imtinfSffiW 


For  the  coefficients  of  the  series  (l8)  we  obtain  the  following 
recurrence  fomulas: 

(19) 

*•  0 — V*.,  (li,  t)  +  A  4»^,  ,)j  ^ 

To  prove  the  convergence  of  the  series  In  (18)  we  note  that  the 


following  Inequality  holds  true 


(19a) 


Let  K  and  L  be  constants  such  that  the  following  Inequalities  are 


obtained: 


^1  \SF, 


U,wl  M  1  1« 


’  (19b) 


by  virtue  of  (19j  19b)  we  have  the  following  estimates 


'  _  H-) 

10., mi  <  2KI..vy-^  _  2X1.V/7 


Where  r  is  the  Euler  gamma  function. 

Continuing  this  process,  we  obtain  the  general  estimates 


I*.!. 


,T  ^  i 


From  this  we  find  directly  that  the  series  (l3)  converge  abso¬ 
lutely  and  uniformly  when  !>  <  r  <  a  and  t  <  »,  the  sums  of  the  series' 
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(18)  yielding  the  solutions  of  our  prcblen  v;hen  a  =  1. 

In  the  case  of  stationary  flov;  of  a  conducting  liquid  situated  In 
a  magnetic  field  In  an  annular  porous  tube,  the  Introduction  of  the 
dimensionless  quantity 

8<£<1 

for  the  radial  component  of  the  velocity  and  of  the  magnetic  field  In¬ 
tensity  yields  directly  from  (7,8) 

amd  for  the  longitudinal  components  of  the  velocity  and  magnetic  field 
Intensity  we  obtain  from  (I3  and  14) 


d»o,  .  M»1  d//,  i^-ldv,  _B, 
dP  '  dg  g  dg  .  _  *• 

(20) 

^  i.NAv.  /?„-!  d//.  „ 

€  dg  g  dg 

(21) 

where  M  =  (aHQ/c)  ^o/p  is  the  Hartmann  number,  R  =  av^^/v,  Rj^  = 

are  the  ordinary  and  magnetic  Reynolds  numbers  corresponding  to  the 

transverse  flow,  N  =  sHq/Vjjj  =  47iM  ‘^p/c,  =  — a^5P/p5z  =  const,  and 

the  boundary  conditions  (9  and  10)  yield 

=  =  (22) 

From  (20  and  21)  subject  to  Conditions  (22)  v:e  obtain  for  v  the  fol- 

z 

lowirs  expression 

v,  =  D  {(?  -  i:^)  +  ("■  -  )  - 

^^)]}.  (23) 


where 


h  -  • 

>1  _  2W,  -AR-i-2-  hV  -  {R,  -  2) 

'*  1-5^ 

0= _ .  . 
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An  expression  for  H  is  obtained  analogously.  ' 

z 

We  Investigate  the  Influence  of  the  uiagnetic  field  and  of  the 


porosity  on  the  motion  of  a  conducting  liquid  In  an  annular  tube,  let 
us  find  the  ratio  of  the  longitudinal  velocity  component  to  its  mean 
value  y^v^,  where 

I 


this  ratio  la  given  by  the  expression 

P,  A*  2  r  (*,-*,) (/?,-2)  ^ ^  •  2  1 


(*i-*i)W--2)V'\  *1  +  2 


4 


This  formula  makes  it  possible  to  obtain  different  profiles  for 

the  longitudinal  component  of  the  velocity  of  a  conducting  liquid  with 

different  values  of  the  Hartmann  number  and  with  different  R  and  R  . 

m 
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[Footnote] 
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script 
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It  was  learned  later  that  the  stationary  problem  was  con¬ 
sidered  by  I.B.  Chekmarev  [8]. 
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-  88a  - 


STABILITY  OP  PLAJE  COUETTE  PLOW  IN 
THE  PRESENCE  OP  A  MAGJETIC  FIELD 

K.B.  Pavlov 
Moscow 


The  notion  of  a  viscous  conducting  liquid  resulting  from  the  rela¬ 
tive  displacement  of  two  Infinite  parallel  plates  Is  called  plane  Couet 
flow.  If  a  homogeneous  external  magnetic  field  iJ^(0,  Hq,  O)  Is  applied 
perpendicular  to  the  plates,  then  taking  the  x  axis  along  the  dlrectlot 
of  the  velocity  ^(Uq,  0,  0)  of  the  lower  plate  relative  to  the  sta¬ 
tionary  upper  plate  (we  choose  the  origin  In  the  plane  of  the  lower 
plate).  It  Is  easy  to  obtain  from  the  system  of  magnetohydrodynamlc 
equations  [1]  the  following  distributions  of  the  dimensionless  velocitj 
^(w,  0,  O)  and  magnetic  field  i^(h^,  hy,  0)  In  the  space  between  the 
plates  (Fig.  l)s 


cf  =  0,5  [  1  —  —  — 

•  1  .skO,5M  J’ 

0,5  ch  M  {y  -  •  '.5)  ch  0,5  M 

A1  '*  shOSM 


where  M  =  is  the  Hartmann  number,  A  =  Hq/( 47Tp ) Is  the 

Alfven  number,  p  Is  the  density,  and  are,  respectively,  the  or¬ 
dinary  and  magnetic  Reynolds  numbers;  the  characteristic  values  of  the 
magnetic  field,  the  velocity,  and  the  length  are  chosen  to  be,  respec¬ 
tively,  Hq,  Uq,  and  the  distance  between  the  plates. 

We  know  that  when  H  =  0  a  flow  having  a  velocity  profile  (1)  is 
stable  against  Inflnltesirally  small  disturbances  [2].  When  li  ^  0  the 
profile  (1)  has  a  point  of  inflection  y  =  y  =  0.5;  this,  however,  does 
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0 


1 


Pig.  1 

not  mean  that  Instability  Is  possible  even  In  the  limiting  case  trtien 
there  Is  no  viscosity.  The  point  Is  that  the  Rayleigh-Tollmlen  theory, 
according  to  which  the  presence  of  the  point  of  Inflection  Is  a  neces¬ 
sary  and  sufficient  condition  for  the  existence  in  the  nonvlscous  limit 
of  neutral  and  growing  disturbances,  holds  true  only  for  symmetrical 
distributions  of  the  velocity  w(y)  and  of  distributions  of  the  boundary 
layer  type.  For  antisyniraetrical  distributions,  such  as  for  example  (1). 
the  presence  of  the  point  of  inflection  is  not  a  sufficient  condition 
for  the  existence  of  such  disturbances  [31.  One  can  therefore  draw  no 
conclusions  whatever  regarding  the  stability  of  plane  Couette  flow  in  a 
perpendicular  magnetic  field  by  considering  the  nonvlscous  approxima¬ 
tion.  It  is  necessary  to  examine  the  complete  problem  with  Inclusion 
of  viscosity,  when  the  stability  Is  controlled  to  a  considerable  degree 
by  the  action  of  the  viscosity,  the  effect  of  which  nay  vary. 

If  we  consider  in  the  complete  system  of  magnetohydrodynamic  equa¬ 
tions,  written  In  dimensionless  forms,  all  quantities  to  consist  of  a 
large  stationary  term  and  of  a  s.mall  perturbation  that  depends  on  the 
tine,  then,  by  assuming  the  per t’jrbat ions  of  the  2  ccmponent  of  the  . 


velocity  and  of  the  njagnetic  field  to  be,  respectively, 

«I>  (y)  {i  I<«i  (JC — fO  +  mD 

and  Og  are  the  dimensionless  \^ave  numbers  along  the  x  and  z  axes 
and  £  Is  the  dimensionless  complex  frequency),  we  can  obtain  In  the 
usual  fashion  [4]  for  the  case  of  arbitrary  stationary  flow  In  a  per¬ 
pendicular  magnetic  field  the  following  system  for  the  amplitudes  ? 
and  of  the  pertiirbations 

-  i- V' =  (a»  -  0  4*  +  (*"  - 

(w — x)  (V"  —  (T""— 2**®’*  +  *<40  — 

p  2-2 

where  a  =  a£  +  Og,  and  the  prime  denotes  differentiation  with  respect 
to  the  {^menslonless  coordinate  In  cases  of  plane  Couette  flow,  the 
solutions  ?  and  $  should  satisfy  the  boundary  conditions 

?(y)  =  y‘{y)  =  4.{y)  =  0  for  y  =  0.1.  (5) 

If  Rm  «  1  (this  condition  is  satisfied,  for  exar^le,  for  mercury), 
then  the  system  (4)  reduces  with  sufficient  accuracy  to  a  single  equa¬ 
tion  for  y; 


(w  -  f)  (If"  —  «*>!')  —  w"’!'  +  -j—  (T""  —  2x-T"  +  afV)  =. 


(AP 


V". 


(6) 


If  we  assume  H  to  be  Invariant,  we  can  put  In  Zq.  (6)  a,R  =  oS  .  In 

X  S  S 

this  case  1?^  <  Rg,  since  a  >  and  the  tv/o -dimensional  disturbances 
tiurn  out  to  be  more  dangerous  than  the  three-dimensional  ones  (Squire's 
theorem  [3l).  It  Is  therefore  sufficient  to  Investigate  the  equation 

(»  —  r)  (T"  -  —  zff'T-h  —  (T""  -  2z^‘  +  «<  if)  ’ 


l\P 


Xfp 


(7) 
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v/lth  toundary  conditions 

?{y)  =  If’Cy)  =  0  for  y  =  0.1.  (8) 

The  first  pair  of  Independent  particular  solutions  of  Eq.  (7)  Is 
found  from  the  so-called  "nonvlscous'’  equation 

(18  — — Sf"9^==0,  (9) 

vrtilch  gives  the  zeroth  approximation  of  the  solution  7,  If  the  latter 


Is  represented  In  the  form  of  the  asyr:ptotlc  series 

»r=  (10) 

The  solutions  of  Eq.  (9)  can  be  found  In  the  form  of  power  series  In 

y  ~  y-»  where  Is  a  point  at  which  w  =  c.  As  a  result  we  have 
c  c 

Tj  =  Tj .  5  •  1  n  0/ — J  + 1  +  A,  (V — y,)  +  ^2  0/  -  +  *  •  • »  (11) 

where 

a,  =  0.I666(a*  +  Af); 

Oj  —  0,0555  a’fl  +  0,0416  APS;  2^  =  0,0083  (a<  +  AP).+ 

+  a*  (0,01 66  AP— 0.001 3  3s  =  0,0021  a<5  + ’ 

+  (0,0004  +  0,002?  APS)  -|-  0,0013  APS; 

fls  =  0,0002  (z®  +  AV)  +  x’  tO.CCCS  AP  +  0,0001  S*)  + 

-f-  a-  (0,0005 AP  +  0,0001  APfi=— O.OrOl  S^;  =  0,5AP— 0,75B*; 

*j  =  — 0,125ZP;  f><  =  0.0415..-;’  — 0,2041  AJ-S^ -f  0,0205  St 
*4  =  — (0.004S  A2-S -f  0,0052  S®); 
b^  =  0,001 3  AP  -  0,0031  A.PiP  —  0, 10 1 3  A.  +  0,00!  5  S*. 

Tne  other  pair  of  Independent  particular  solutions  of  Eq.  (7)  is  found 

in  the  form 


n*  =  e.\p  {fgd!/}; 


(12) 


Substituting  (12)  In  (7)  and  equating  the  coefficients  of  like  powers 


of  oR  ,  we  get 

O 

T,  =;(»— c)~  ®  <f ''  =  D  (y) « , 

_S-  f 

ir,=(®-c)  ^  -DO,)/'. 


(13) 


_  po  . 


The  solutlor*3  ^2  point  y  =  y^.  an  algebraic  and 

a  logarithralc  branch  point,  respectively.  The  correct  branch  is  deter¬ 
mined  from  the  inequalities 

which  are  found  frop  a  comparison  of  the  solutions  ’^  =  ^1  2  3  4  wl'th 

the  solutions  near  y„,  after  which  a  use  is  made  of  the  asymptotic  ex- 

c 

pension  of  the  Hsuikel  functions.  From  (1)  and  (14)  It  follows  that 

(15) 

The  general  solution  of  (7)  can  be  represented  in  the  form 

+  +  (16) 

In  the  problem  dealing  with  the  determination  of  the  eigenvalues  of  a, 
£,  and  R  from  (l6)  and  the  boundairy  conditions  (8)  it  is  necessary  to 
write  for  the  secular  determinant 


o-c=|a-cI  • 
w— c‘=»|;3— cje-**  for 


'Pu  Vt, 

"*I 


V3,  Vi, 


pr„  T?,  Vi, 

I’Jii  ^3,  v; 


=  0, 


(17) 


where  the  second  subscript  1  or  2  designating  the  particular  solutions 
denote  their  values  at  the  boundary  points  0  or  1,  respectively. 
Expanding  the  secular  determinant  in  terms  of  the  elements  of  the 
fovirth  column  and  then  expanding  each  of  the  third  order  determinants 
in  elements  of  the  third  column,  we  get 

+ . 

+  I’JVi-;,-  uVr3,)T,  +  Cl  -f 

+  Ciu’i‘'j.- +  Cr*»’i1,-’i''*a^'3^ 
where  are  second  order  detern^ants,  for  example 

=  q-;  jTi,  —  Y,  =  T„^<,  — 

Ti  =  Vi,Tj,— Ti,Ti, 


(18) 


(19) 


Assuming  that  the  differentiation  of  the  "nonvlsccus"  solutions  (11) 
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does  not  bring  about  an  essential  increase  in  their  order  of  magnitude 

I  I 

and  neglecting  in  (l8)  terms  of  order  ~/  and  -»/  and  then  l/aR„,  com- 
pared  with  unity,  we  get 

-  D(0)D(1)  +  O(0)£>(l)  yiuR^il  -f)T«+ 

+D’(0)  0(1)  D(0)D'(1)  -r)T,- 

-0(0)0(i) 

Taking  (15)  into  account  and  leaving  out  the  intermediate  transforma- 
tlons,  we  arrive  at  a  final  relation  . 

= -7  (f**  lT/r»  —  1 .25  + 

+  /  (1  _  c)-'>.  +  1.25  w,  (1  _  (  21) 

Where  w'^,  =  w'(0)  =  w'(l). 

For  neutral  dlsttirbances,  the  values  of  £  are  real.  If  £  and  o  in 
(21)  have  arbitrary  real  values,  then  the  values  of  R  are,  generally 

O 

speaking,  complex;  on  the  other  hand,  if  thSre  exist  such  real  £  and  a 
for  which  R  are  also  real,  these  are  the  sought  eigenvalues  Involved 

O 

in  the  determination  of  the  neutral  disturbances. 

Direct  calculations  carried  out  for  the  values  M  =  2-6  show  that 
the  only  possible  eigenvalues  of  c  are  c  =  w  =  0.5;  in  this  case  the 
values  of  a  and  R  are  subject  to  definite  relationships,  which  form 

O 

in  the  (a,  R  )  plane  curves  for  the  neutral  stability  (Fig.  2).  One 

O 

can  verify  that  the  points  to  the  right  of  ary  of  these  curves  corres¬ 
pond  to  the  Instability  region;  for  these  v.-e  have  c  =  c^  +  Ic^^,  >  0; 

lying  to  the  left  is  the  stability  region,  c^  <  0. 

Dlsttirbances  v;lth  large  values  of  a  are  physically  unreal  [2,  31- 
In  this  connection  there  is  no  point  in  continuing  the  obtained  ctirves 
into  the  region  of  values  a  >  2.  Nonetheless,  the  results  obtained  en¬ 
able  us  to  laake  the  following  two  conclusions. 

1.  In  the  presence  of  a  perpendicular  -agnetlc  field,  plane  Couette 
flow  becomes  unstable  against  infinitesimally  s.mall  disturbances,  and 

-  - 


2.  The  Instability  arising  in  the  presence  of  a  perpendicular  mag¬ 
netic  field  is  the  consequence  of  the  deformation  of  the  velocity  pro¬ 
file  and  the  accompanying  occurrence  of  a  point  of  inflection.  Compared 
with  this  effect,  as  in  the  case  of  Hartmann  flow  [4,  5),  the  stabil¬ 
izing  action  exerted  by  the  magnetic  field  on  the  dlsttirbances  is  in¬ 
significant,  and  the  apparent  slight  increase  in  stability  with  increas¬ 
ing  field  is  also  the  consequence  of  a  change  in  the  profile. 

The  use  of  the  asymptotic  methods  developed  above  for  the  solu¬ 
tion  of  Eq.  (7)  is  impossible  when  M  <  2,  so  that  the  transition  to 
the  limit  of  a  flow  with  M  =  0  cannot  be  traced. 

In  conclusion,  the  author  expresses  his  deep  gratitude  to  Profes¬ 
sor  K.  P.  Stanyukovlch  for  a  discussion  of  the  results. 
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PLOW  OP  VISCOUS  CONDUCTING  LIQUID  IN  REGIONS  WITH 
PERMEABLE  BOUNDARIES  IN  THE  PRESENCE  OP  A  MAGNETIC  PIELD 

S.A.  Reglrer 
Vorkuta 

Methods  for  the  control  of  the  boundary  layer  by  drawing  away  or 
blowing  -In  liquid  throxigh  the  surface  exposed  to  the  flow  have  been 
developed  In  recent  years.  In  the  case  of  the  flow  of  a  conducting  liq¬ 
uid,  the  possibilities  were  Investigated  of  exercising  such  control  by 
means  of  electric  and  magnetic  fields.  It  Is  of  Interest*. to  Investigate 
the  effects  arising  upon  simultaneous  utilization  of  both  methods.  In 
the  present  paper  we  present  a  brief  survey  of  the  results  obtained  in 
this  field. 

We  assume  first  that  an  Infinitely  long  cylindrical  surface  2  Is 
placed  Inside  the  main  stream,  which  flows  In  the  direction  of  a  gen¬ 
eratrix  parallel  to  the  OZ  axis,  with  all  the  flow  parameters  being 
functions  of  the  coordinates  x  and  j  only.  An  exter.-  1  magnetic  field, 
which  Is  likewise  Invariant  along  the  OZ  axis.  Is  applied  to  the  flow. 
The  surface  Is  assumed  permeable,  that  is,  the  normal  component  of 
velocity  on  2  differs  from  zero.  Let  us  '.■n’ite  down  the  general  equa¬ 
tions  of  magnetohydrodynamics  for  the  stationary  case  tu 

(VV)W=(^-7)V+v«A^,  (1-2) 

divV=0,  divW=0,  (1.3) 

where  p*  =  p  +  pH^/Sr,  <  =  [i/k-n  and  the  remaining  symbols  are  standard; 
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all  the  physical  properties  of  the  liquid  are  assar.ed  constant.  These 
equations  can  be  analyzed  in  order  to  determine  the  llnearlzablllty 
conditions  in  the  sane  manner  as  in  [2],  representing  and  If  in  the 
form  of  sums  of  plane  and  axial  vectors:  7^=7^^  +  l^v,  IT  = 

In  paurtlcular.  If  we  put  =  ^n*  ®  ~  const,  when  the  "controlling" 
flow  is  directed  along  the  force  lines  of  the  transverse  field,  then 
the  system  (1. 1-1.3)  is  transformed  Into 


(1.^) 

(1.5) 

(A  —  ?®)-=  **4*. 

(1.6) 

(iivv,=o. 

o* 

II 

(1.7) 

rot  =  ' 

(1.8) 

where  and  are  constants.  The  structure  of  these  equations,  as 
can  be  readily  seen,  depends  essentially  on  the  Alfven  ntimber  e  = 

The  formulation  of  the  boundary  conditions  and  problems  involving 
external  flow  was  considered  in  detail  in  an  article  by  M.D.  Ladyzhen- 
skiy  [3].  In  the  case  of  a  permeable  flov;,  no  new  circumstances  arise 
in  principle,  if  the  permeable  wall  is  replaced  by  a  wall  with  uni¬ 
formly  distributed  sources.  On  the  other  hand,  if  it  is  assumed  that  a 
finite  layer  in  which  the  liquid  moves  and  a  magnetic  field  exist  in¬ 
side  the  body  placed  in  the  stream,  then  additional  equations  must  be 
considered  for  this  region. 

By  way  of  the  main  example,  we  present  the  solution  of  the  prob¬ 
lem  involving  flow  around  an  infinite  permeable  plate.*  Let  the  liquid 
fill  the  half  space  y  >  0  and  let  its  velocity  in  the  OZ  direction 
have  a  finite  value  as  y  o<».  Regarding  this  as  a  plane  problem,  we  . 


readily  see  that  the  velocity  vector  has  the  fora  T  =  +  v(y)T^. 

We  assiome  that  the  vector  potential  of  the  field  A(y,  z)  depends  lin¬ 
early  on*^.  It  Is  possible  to  show  that  flow  of  this  type  is  realizable 
In  the  presence  of  transverse  fields  of  two  types:  H  =  Hq  =  const  and 

If  the  transverse  field  Is  homogeneous,  mien  the  quantities  v  and 

h  s  H-  can  be  derived  from  a  fourth  order  system,  the  general  Integral 
z 

of  which  Is 


A  =  C,  + 

® (1  -  H,)  e  V + ci(l 


(1.9) 

(1.10) 


Here  =  Vl,2/V  %,2  =  ”  +  ^  ^^(N  +  1)^“  ^N(l-  e^),  N  =  v^/v, 
=  /cH^PVq.  Depending  on  the  signs  of  the  numbers  r^  and  r^,  three 
particular  cases  can  arise  for  the  determination  of  the  constants 

(l  =  l»...«4). 

In  the  case  of  a  blown-in  current  (vq  >  O),  If  <  1  then  r^  >  0, 
rg  >  0  zind  there  exists  only  one  trivial  solution  v  =  const,  h  =  const. 

o  p 

If  e  >  1,  Vq  <  0  or  e  >  1,  Vq  >  0,  then  one  of  the  r^^  is  nonnegative, 
and  therefore  only  three  unknown  constants  remain  In  {1.9^  1.10)  (one 
should  vanish  because  v  and  h  are  bounded),  and  It  is  possible  to  im¬ 
pose  three  boundary  conditions,  for  example  to  specify  any  three  of  the 
four  values  of  v  and  h  when  y  =  0  and  y  -►  »:  v^,  v^,  h'^,  h^.  Finally, 

A 

in  the  case  of  drawn-out  current  (vq  <  0)  and  e  <  1,  all  four  con¬ 
stants  eire  Independent  and  are  determined  from  these  four  boundary  ’/al- 


Thus,  In  the  case  of  sub-Alfven  velocity  of  permeation  (e^  >  1) 
the  flow  pattern  does  not  differ  essentially  from  ordinary  hydrodynam¬ 
ics  (with  the  exception  of  possible  flow  with  In-blast).  However,  In 
the  case  of  drawn-out  flew  with  super-Alfven  velocity,  flows  of  a  new 
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type  are  possible.*  This  circu.-nstance  v/as  not  taken  into  consideration 
by  Gupta  [4/5],  who  confined  himself  to  an  examination  of  the  case 
>  1  only. 

For  the  new  type  of  flow  (Vq  <  0,  <  1),  the  stress  due  to  fric¬ 

tion  against  the  plate  is  given  by  the  formula 

where  n  =  (hi^  —  h^)  Hq<c/(v^—  Vj^)VqP  Is  a  dimensionless  parameter  of 
the  same  type  as  the  Alfven  n\imber.  When  II  =  1  we  have  t  =  0,  l.e., 
the  viscous  resistance  on  the  plate  vanishes.  The  velocity  profile  has 
In  this  case  a  point  of  Inflection,  and  the  flow  is  close  to  potential 
near  the  surface,  and  there  is  no  boundary  layer  in  the  usual  sense. 
Naturally,  one  cannot  speak  here  of  the  disappearance  of  resistance  In 
general,  for  we  also  have  magnetic  forces  applied  to  the  field  sources 
that  are  fixed  to  the  plate.  The  effect  obtained  is  interesting  essen¬ 
tially  because  it  makes  it  possible  to  reduce  the  viscous  heat  release 
near  the  plate  (a  more  detailed  calculation  shows  that  the  over-all 
heat  release  may  also  be  reduced).  It  is  also  useful  to  note  that  usu¬ 
ally  the  drawing  out  of  the  laminar  boundary  layer  leads  to  a  certain 
Increase  in  viscous  resistance,  but  here  the  opposite  effect  is  ob¬ 
tained.  It  is  easy  to  show  furthermore  that  in  the  flow  considered 
here  (of  course,  with  II  /  l)  a  velocity  profile  can  be  obtained  having 
a  maximum  point,  l.e.,  runaway  of  t.ne  conducting  mediu-m  may  be  pro¬ 
duced.  All  these  results  are  interesting  also  because  the  solution 
(1.9,  1-10)  satisfies  slm.ultaneously  the  eq-uations  of  a  magnetic  bound¬ 
ary  layer  of  the  first  kind  [6]  if  v^  =  v^h^  (when  =  O).  In  other 
words,  this  solution  and  solutions  similar  to  it  characterize  when 
=  0  processes  in  an  asymptotic  bo’mdary  layer. 

For  the  case  of  an  inhomogeneous  transverse  field  that  varies  ex¬ 
ponentially,  the  solution  of  the  equations  is  represented  with  the  aid 
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of  cylindrical  functions.  We  shall  not  develop  It  here  and  confine  our¬ 
selves  only  to  an  Indication  that  this  solution  also  leads  to  the  van¬ 
ishing  of  viscous  friction  on  the  plate  under  certain  conditions. 

In  order  to  estimate  the  influence  of  the  curvatvcre  of  the  surface, 
we  analyze  the  problem  of  longitudinal  flow  over  an  Infinite  round 
cylinder  (this  problem  was  considered  Independently  In  a  paper  by  Yasu- 
hara  [8]).  It  tiorned  out  that  all  the  flow  properties  observed  above 
will  occvir  also  In  this  case,  and  the  vanishing  of  the  viscous  fric¬ 
tion  on  the  stirface  Is  also  determined  by  the  condition  (1.11).  We 
note  that  Yastihara,  unlike  Gupta,  considered  precisely  the  case  with 

O 

fotir  arbitrary  constants,  when  Vq  <0,  e  <  1,  but  the  boundary  condi¬ 
tions  which  he  set  up  (v’*=  0,  0,  h^  =  0,  =  “jivJlQ/C)  cannot, 

yield  the  results  described  here. 

We  Investigated  still  another  exact  solution  of  similar  type  for 
the  problem  Involving  the  rotation  of  a  permeable  cylinder  In  a  un- 
boxinded  medliim,  vdien  v^,  =  v^rQ/r,  H^,  =  (the  same  as  In  the  pre¬ 

ceding  problem)  and  E_  =  0.  Unlike  the  problems  considered  above  (as 

z 

In  ordlnairy  hydrodynamics),  it  becomes  necessary  to  introduce  here 

m 

more  stringent  damping  conditions  at  infinity  (for  example,  Jcdr<^oo 
in  place  of  v-*  const).  In  all  other  respects  the  analysis  of  the  gen¬ 
eral  solution,  which  has  the  form 

«U - ^ [^+  1  - y tV+1)* - 4.V(1- *») - =  .,^4) 

leads  to  the  conclusions  which  we  already  know. 

§2 


(1.12) 

(1.13) 


In  all  the  problems  considered  above  the  flow  of  liquid  in  the 
direction  of  the  main  stream  Is  constant,  and  the  flow  region  Is  not 


bounded.  One  can  raise  many  other  problens  having  the  sar.e  property, 
but  In  this  case  not  with  one  but  with  two  solid  boundaries. 

In  particular.  If  the  flow  Is  between  two  cylindrical  surfaces 
with  parallel  generatrices,  and  the  liquid  blown  in  through  one  sxir- 
face  Is  completely  drawn  out  through  the  other  surface,  then  the  gen¬ 
eral  argiunents  of  §1  remain  In  force. 

Solutions  of  problems  of  this  type  are  kno’,m  for  flows  between 
parallel  walla  [9 1  or  In  an  annular  tube  [10,  11].  It  Is  easy  to  gen¬ 
eralize  the  solutions  of  [11]  to  include  the  case  of  circular  or  helical 
flow  between  rotating  permeable  cylinders.  Still  another  solution  la 
obtained  If  the  main  flow  Is  assumed  to  be  radial.  Putting 

%  =  (2.1) 

In  Eqs.  (1. 1-1.3)  we  obtain  for  v  and  h  the  nonlinear  systems 
f  (v^V  _  »*  _  t.2)  =  -  47.1;  +  C  +  X  (AoA-  -  A*  -  A^  +  (2.2) 

—  (2.3) 

which  does  not  reduce  to  quadratures  in  general  form.  One  of  the  par¬ 
ticular  cases  of  solution  (for  Infinite  conductivity)  was  considered 
by  Vatazhln  [12]. 

Ordinary  equations  which  cannot  be  integrated  in  quadratures  are 
obtained  also  in  problems  concernlr^  the  flov:  near  the  critical  point 
for  a  plane  or  axially  symmetrical  stream  striking  a  pezrceable  wall. 

In  these  problems  allowance  for  the  permeance  is  connected  only  with  a 
suitable  change  in  the  boundary  condition.  For  plane  flow,  for  exao5)le, 
the  equations  obtained  In  [13]  remain  in  force. 

Still  another  group  of  problems  Is  connected  with  flow  In  pipes 
and  channels  with  permeable  walls,  when  the  quantity  of  liquid  flowing 
varies  along  the  axis  of  the  tube.  A  simpler  example  Is  flow  between 
parallel  walls  with  liquid  drawn  away  on  both  sides  (the  Berman  prob- 


lem).  In  this  problen,  and  In  the  axially  syrinetrlcal  problens  anal¬ 
ogous  to  It,  the  magnetohydrodynanic  equations  reduce  to  ordinary  dif¬ 
ferential  equations.  The  general  case  of  flow  In  a  pipe  of  arbitrary 
profile  It  becomes  possible  to  reduce  the  number  of  Independent  vari¬ 
ables  to  two.  All  these  problems  are  nonlinear  zmd  cannot  be  solved  In 
quadratures.  It  Is  Interesting  that  the  ordinary  equations  obtained 
for  them  are  similar  to  the  equations  of  flow  near  the  critical  point. 
For  an  approximate  solution  of  the  problem  of  flow  In  permeable  tubes 
one  can  use  the  method  proposed  by  the  author  In  the  ordinary  hydrody¬ 
namic  formulations  [14]. 
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[Footnotes] 


98  We  omit  the  Intermediate  derivations  throughout,  since  a  de¬ 
tailed  exposition  la  the  subject  of  a  separate  publication. 
In  addition,  some  of  them  can  be  found  In  the  papers  of 
Gupta  [4/5]. 

100  It  must  be  noted  that  in  other  two-dimensional  problems  an 

«  analogous  connection  was  observed  between  the  value  of  the 
o 

parameter  e  and  the  possibility  of  Imposing  boiindary  condi¬ 
tions  [6]. 
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SOME  solutio:b  cf  the  syste:-!  of  equations  describing 

01IE-DIIffiNSICJL4L  PLOWS  El  MAGNETIC  GASDYNAMICS 

E.  P.  Zimin 
Khar'kov 


In  the  present  paper  we  obtain  solutions  that  describe  one-dlmen- 
slonal  stationary  flow  of  a  compressible  electrically  conducting  gas 
In  magnetic  and  electric  fields. 

1.  The  system  of  equations  of  magnetic  gasdynamlcs  for  the  case 
of  one -dimensional  stationary  flow  of  a  nonvlscous  and  nonheat-conduct- 
ing  gas  has  the  following  form  [1] 


sW-O. 

(1.1) 

,,-dr ,  dp  „d// 

(1.2) 

^dp  .  >  dr  1  /d//\» 

(1.3) 

d  ePH 

dx»' 

(1.4) 

p  =  pRT  —  where  the  gas  is  assumed  to  be  ideal.  (1.5) 

Here  H  Is  the  intensity  of  the  magnetic  field,  u.^  is  the  magnetic 
permeability,  and  a  is  the  electric  conductivity  of  the  gas;  all  other 
symbols  are  standard.  All  quantities,  with  the  exception  of  W,  H,  p,  p, 
and  T  are  assumed  constant. 

Since  the  current  density  in  the  one -dimensional  case  Is 

J  =  ciV'lx  (1.6) 

(if  H  is  directed  along  the  jr  axis  then  is  directed  along  the  z  axis), 
the  right  half  of  (1.2)  determines  the  pondercraotive  force  and  the 
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right  half  of  (1.3)  the  Joule  heat  J  /a.  Equation  (1.^)  Is  the  so-called 
Induction  equation  [2]. 

Equations  (1.1)  and  (1.2)  can  he  Integrated  directly 

Ii  the  general  case  we  can  also  obtain  the  first  Integral  of  (1.4): 

SL,,nW=.H+consl.  ( 1. 7) 

Further  solution  of  the  system  (1. 1-1.4)  Is  possible  only  by  nu¬ 
merical  means.  However,  we  can  obtain  an  exact  solution  of  this  system 
for  two  particular  cases  which  are  of  practical  Interest. 

2.  If  there  Is  no  external  electric  field  E,  then  from  (1.6)  and 
from  Ohm's  law  '  • 

J  =  UgOWH, 

where  p._WH  Is  the  emf  Induced  In  the  moving  gas,  we  can  see  that  In 
this  case  the  constant  In  (1.7)  is  equal  to  zero. 

Then,  combining  (1.2)  and  (1.3),  which  are  rewritten  In  the  forms 

and 


I  ,  Ji  dlT  , 

we  obtain  after  Integration 

2  ^*  —  1  p 


or 


=  const. 


where  is  the  Isobarlc  specific  heat  and  Tq  Is  the  stagnation  tem¬ 
perature. 


Consequently,  the  system  of  equations  can  be  rewritten  for  E  =  0 


In  the  form 


II 

(2.1) 

jn«7+p  + 11,-2" 

(2.2) 

u/* 

c,T+^^e,T;,. 

(2.3) 

(2.4) 

3.  In  this  formulation  (E  =  0)  the  problem  can  be  solved  with  ac- 
dount  of  friction.  If  we  consider  flow  between  plane  parallel  Infinite 
plates  In  the  quasl-one-dlmenslonal  approximation,  then  by  Introducing 
the  friction  force  In  terms  of  the  resistance  coefficient  I  [3l  and 
recognizing  that  the  critical  sound  velocity  a^^  =  ^2kRTQ/(lc  +  l)  Is 
constant  over  the  entire  region  of  flow,  the  equation  of  motion  can  be 
written  In  the  form 

(3-1) 

where  X  =  W/a*  la  the  velocity  coefficient,  x  =  and  b  Is  the 
width  of  the  channel. 

If  the  magnetic  Reynolds  number  Rj^^  =  RUgOWb  «  1,  then  we  can  as¬ 
sume  that  H  =  Hq  everywhere,  where  Hq  is  the  external  homogeneous  mag¬ 
netic  field.  Then  the  solution  of  (3.1)  has  the  form  [4] 

+  =  (3.2) 

where  k(X)  =  (k  +  l)/2k(2  In  X  l/X^).  For  laminar  flows,  the  order 
of  the  ratio  of  the  first  term  In  the  brackets  to  the  second  Is  charac¬ 
terized  by  the  square  of  the  Hartmann  number 

_  ~  V-  ' 


If  we  take  It  into  consideration  that 


/n  =  pir  =  p,)  =  p.a. .  (1 - 


I 

*+l 


I 


then  we  can  transform  (3*2)  to 


{* + ?  P  i)*  I*  W  -  *  WI. 

Here  =  2;tgOa,b  and  =  (a*/llQ) 

Figure  1  shows  a  plot  of  the  critical  length 

r:?  1 

-  ,  1  *(!)] 

as  a  function  of  the  velocity  coefficient  at  the  Input  to  the  chzmnel, 
for  different  values  of  N.  We  see  that  at  sufficiently  large  N  the 
gasdynamlc  friction  can  he  neglected  compared  with  the  "magnetic"  fric¬ 
tion. 


Fig.  1 


If  we  take  Into  account  the  Induced  magnetic  field,  then  to  obtain 
the  solution  It  Is  sufficient  to  determine  H  from  (3-1)  and  substitute 
It  In  the  Induction  equation 

(3.3) 

where  H  =  Is  the  value  of  H  at  3E  =  0. 
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The  problea  then  reduces  to  solving  the  equation 

Tills  equation  reduces  to  the  quadrature 


•  ri— 1*  dX 

A*  'e(i)* 


Here  6(X)  Is  the  solution  of  the  transcendental  equation 

e+jfii»(9-jfi)— r:'-±^+c 

and  C  Is  the  integration  constant. 

making  several  assumptions,  we  can  obtain  a  solution  In  ex¬ 
plicit  form.  Thu^  If  0  <  0  —  k|/(k  +  1)  <  2,  then  by  expanding  ln(0  — 
-  ke/(k  +  1))  In  a  series  and  retaining  the  first  term  of  the  expan¬ 
sion,  we  obtain  a  solution  In  the  following  form; 

c<2  1 

2/cf-4  (2/— C,+l'cf-4)(2>.^-C,-y(^-4)'  * 

Here  and  C  +  ^(^i^  +  j) 

fqrr  +  l  Ci  = - - . 


k.  If  W2  neglect  friction  (f  =  O),  then  for  any  value  of  the  mas- 
netlc  Reynolds  number  the  equations  (3*1)  and  (3.3)  reduce  to  the 


quadrature 


r*JE=  f 


(^.1) 


which  has  trfO  solutions  of  the  form  {3-8)#  for  B  >  2  and  for  B  <  2. 

Here  i  =  [2k/(Ic  +  l)]*(j/ma^),  where  J  Is  the  constant  of  the  mag¬ 
netic  ana3<g  of  the  Bernoulli  equation  (2.2).  Consequently,  the  struc- 

-  109  - 


txjre  of  the  solution  Is  deternlned  by  specifying  the  boundary  condi¬ 
tions. 

Let  us  analyze  the  boundary  conditions.  Equation  (2.2)  can  be  re¬ 
duced  to  the  fonn 


Ji* 


B, 


(4.2) 


idiere  M*. 


ran 


wo  get 


( ma^j/ji^.  Since  when  x  s  0  we  have  X  =*  and  B  =  1, 


(^.3) 


‘I  W  MS; 

From  (4.3)  we  can  readily  find  the  values  of  X^*  which  determine, 
for  fixed  B,  the  interval  of  value  X^  for  which  flow  is  possible .  For 
this  it  is  sufficient  to  put  »  «•  and  find  the  roots  (X'^  and  X’'^) 
of  the  equation 


x|-BXj^+l-0.  (4.4) 

Thus,  the  hoiuidary  conditions  in  the  presence  of  a  magnetic  field 
cannot  be  specified  arbitrarily,  but  must  satisfy  the  following  condi¬ 
tions 


and 


B 


+ 


*  1 


(4.5) 


The  region  where  flow  can  be  realized  Is  shown  In  Fig.  2;  by  v:ay 


of  an  example,  the  same  figure  shows  the  region  of  flow  for  M*  =0.5 

®1 

between  the  branches  of  the  dashed  curve. 

Since  2q.  (4,4)  has  no  roots  when  B  <  2  (the  roots  are  imaginary), 
the  solution  of  Eq.  (4.1)  assumes  tho  form 

+  .  n  '  l\\ 

"''-T\T®pr5v+n+k-5;)+ 


(21  — S  — 

2j'S»-4 


(4.6) 
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5  iB. 


Using  the  suhstltutlon 


we  obtain  a  solution  In  the  following  fom  (B  >  2): 

where  A  la  the  Integration  constant,  which  la  obtained  from  the  bound¬ 
ary  conditions  (x  =  0,  H  —  1), 

In  similar  formulation  (E  =  0)  but  using  a  different  method,  the 
problem  (4)  was  solved  by  I.B.  Cheknarev  [5], 

5.  Let  us  consider  the  quasi -one -dimensional  flow  of  a  compres¬ 
sible  electrically  conducting  gas  In  magnetic  and  electric  fields  that 
cross  at  a  right  angle.  The  direction  of  gas  flow  coincides  with  the 
direction  of  the  normal  to  the  S-H  plane. 
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Since  v/e  Introduce  In  this  case  an  additional  paran’.eter,  the  elec¬ 
tric  field  intensity  (E),  then  we  can  introduce  In  accordance  v/ith  the 
TT  theorem  of  similitude  theory  [6]  a  supplementary  similitude  criterion. 
The  equation  of  motion  in  dimensionless  form  is  [71 


-  ^ + ( 1^.  •  V.)  w; = - V.P.  + 


(5.1) 


Here  the  0  subscript  denotes  scaled  parameters  and  the  *  subscript 
denotes  dlmensloniess  parameters. 

If  the  magnetic  Reynolds  number  is  Rj^  =  magnetic 

analog  of  the  Mach  number  is  then  the  dimension-  • 

less  coefficient  of  the  third  term  of  the  right  half  of  (5.1)  can  be 


represented  in  the  form 


"kwi'  m 


The  quantity  V  =  Eq/p^Hq  has  the  dimension  of  velocity.  Let  us  intro¬ 


duce  the  symbol 


-  VrllXF 

V  ~~  'F  -• 


The  physical  meaning  of  the  velocity  V  can  be  readily  determined  from 
the  formula  for  the  action  law  in  the  case  of  flow  in  magnetic  and 
electric  fields  [8]: 


In  the  critical  cross  section  ?  =  1,  l.e.,  E  =  '^^le  Induced  elec¬ 

tric  field  is  atten\iated  toward  the  outside.  At  velocities  different 
from  V  =  E/pgH,  acceleration  or  deceleration  of  the  stream  takes  place, 
depending  on  the  values  of  P  and  M.  The  flow  conditions  in  such  a  formu¬ 
lation  of  the  problem  were  considered  in  detail  in  a  paper  by  Resler 
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and  Sears  [8]. 

Assuming  E  =  Eq  =  const  and  «  1  (H  =  Hq  =  const),  the  problem 
has  an  analytic  solution  which  is  also  the  particular  case  of  the  gen¬ 
eral  solution  of  the  system  (1.1-1. 4). 

Under  the  assumptions  indicated  above,  the  equation  of  motion  and 
the  energy  equation  can  be  written  In  the  form 

Combining  these  two  equations  and  integrating,  we  obtain 


=  (5.2) 

Using  (5-2),  we  can  transform  the  equation  of  motion  Into 


F-\ 


1- 


+  ■  ■  ■  >  ,,  +1 


*-l 


djc“’  * 


{i-n 


After  Integration,  subject  to  boundary  conditions  x  =  0  P 
we  obtain 


P, 


l—F 

l-F, 


+  ?In 


A. 
*— 1 


F—l 


k~l 


F,-I 


where 


Y=*y[2Aj*— M  A,-- 


V 
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PLOW  OF  VISCOUS  COUDUCTDIG  LIQUIDS  IN  PIPES 
IN  THE  PRESENCE  OP  A  MAGNETIC  FIELD 


S.A.  Reglrer 
Vorkuta 


51 

The  present  work  Is  devoted  to  a  study  of  laminar  flow  of  a  vis¬ 
cous  Incompressible  liquid  with  finite  conductivity  In  pipes,.  In  the 
presence  of  a  magnetic  field. 

Assume  that  a  cylindrical  pipe  with  generatrices  parallel  to  the 
Oz  axis  has  a  cross  section  In  the  form  of  a  connected  region  B, 
boxmded  by  piecewise -smooth  contours  2^.  Some  of  the  boundaries  can 
move  uniformly  along  the  Oz  axis  with  a  specified  velocity.  The  liquid 
stream  lines  are  assumed  parallel  to  the  same  axis,  and  consequently 
iT  =  which  corresponds  to  flow  over  a  sufficient  distance  from  the 
Inlet  portion.  The  pipe  Is  placed  In  an  external  magnetic  field,  l.e., 
one  Independent  of  the  flow,  but  which,  however,  can  be  distorted  by 
the  Influence  of  the  induced  fields. 

Let  us  write  down  the  magnetohydrodynamlc  equations  under  the  as- 


svunptlon  that  the  physical  properties  of  the  liquid  are  constant  and 


the  processes  stationary*  [1]: 

fr(V^)  +  X  (^)  // + 

divV=0,  di»^  =  a 


(1.1) 

(1.2) 

(1.3) 


Here  p*  =  p  +  pH^/Stt,  k  =  ^  =  — p3T^  Is  the  Archlmedeain  force. 


and  the  remaining  symbols  are  standard.  If  there  Is  no  free  convection. 


then  =  0. 

For  nonlsothermal  flow  one  adds  to  the  system  (1. 1-1.3)  the  energy 
equation 

K(V'77)=Mr+4».  (1.4) 

Which  contains  the  dissipation  function 

•I*  =  1 1  rot  V-^  +  2  dwtUv)  V]  +  *7.,  I  rothfp.  ^  5) 

Let  US  agree  further  on  sene  notation.  First,  we  shall  write  IT  =  ■ 

.  ir„  *  hT^,  Where  thereby  resolving  the  magnetic 

field  Into  a  planar  (transverse)  and  axial  (longitudinal)  component. 
Further,  we  shall  designate  by  the  symbol  ~  the  planar  component  of  a 
vector,  for  example,  Vp*  =  l^Sp*/Sx  +  ly^*/^* 

Projecting  Eqs.  (1.1,  1.2)  on  the  plane  XOY  and  on  the  axis  OZ  we 
obtain,  taking  Into  aocotmt  the  new  notation  and  the  equality  IT  =  T  v: 

Z 

=  +  (1*6) 

(1.7) 

^-  =  x  (1*8) 

v^^H.Vv  +  y^h,  (1.9) 

and  furthermore  v  =  v{x,  y),  which  follows  from  the  condition  div  T  =  0 
Together  with  the  continuity  equation  for  the  field 

+  ^  =  0  (1-10) 

and  the  energy  equation 

the  equations  (1.6-1. 9)  form  a  closed  system. 

The  boundary  conditions  for  this  system  are  formulated  in  the 
usual  manner,  l.e.,  on  the  interface  between  the  boundaries 'we  have 

V  =  ^  Tjj  =  =  ^Ti*  “i^"^  - 
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—  +  Pj^(ST/Bn  —  ST^/3n)  =  vhere  the  subscript  _1  designates  quan¬ 

tities  pertaining  to  the  external  regions  and  obeying,  generally 
speaking,  certain  equations  forniulated  separately  for  each  specific 
problem.  Usually  the  vectors  satisfy  Maxivell’s  equations 

and  the  corresponding  boundary  conditions.  As  a  rule,  the  value  of  the 
liquid  flow  Q=  ^vdB.  Is  also  specified. 

In  problems  irtiere  free  convection  Is  disregarded  =  0),  Eqs. 
(1.6-1.10)  can  be  solved  Independently  of  the  energy  equation.  If  It 
Is  possible  to  obtain  In  some  manner  the  transverse  field  vector  3^, 
then  Eqs.  (1.8,  1.9)  are  llneeir  In  v  and  h.  For  flows  occvirrlng  under 
free  convection  conditions.  It  Is  necessary  to  know  In  addition  to  3^ 
also  the  temperature  gradient  Bt/Sz  In  the  direction  of  motion  suid  to 
neglect  the  energy  dissipation  due  to  the  Induced  ciu’rents  and  vis¬ 
cosity.  We  then  have  likewise  a  linear  system  for  the  determination  of 
V,  hi  and  T. 

The  determination  of  Is  In  general  very  difficult,  but  an  at¬ 
tempt  can  be  made  to  find  such  particular  cases.  In  which  3^  satisfies 
certain  linear  equations  and  the  problem  reduces  to  a  successive  solu¬ 
tion  of  linear  systems. 

§2 

Let  us  assume  that  the  flow  Is  Isothermal  (3^  =  0)  and  that  the 
transverse  field  vector  3^  does  not  vary  in  the  flow  direction,  i.e., 
S3^^z  =  0.  In  this  case  It  follows  from  (I.IO)  that  3^h/Sz^  =  0,  I.e., 
h  =  hQ(x,  y)  +  zS(x,  y)  and  div  =  -S.  Substituting  this  result  Into 
(1.9)  we  obtain  after  separating  the  terms  containing  z, 

+  AB  =  a  (2.1) 

It  Is  also  easy  to  see  that  th  =  Vh^  +  zVB  +  T^S  so  that  we  obtain 
from  (1.8) 
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(2.2) 


(2.3) 


/VyH  +  e»  =  C,. 


where  =  const.  The  latter  fellows  froEi  an  examination  of  the  deriva¬ 
tives  op*/Sz,  ^p*/az^t  which  are  calculated  In  accordance  with  (1.6) 
and  (1.8),  respectively.  Let  us  further  apply  to  Eq.  (I.IO)  the  opera- 
tlon  of  scalar  multiplication  by  7,  which  yields,  with  allowance  for 
the  assumptions  made  and  for  Eq.  (1.7)# 

folrol//,+ ^0=»a  (2.^) 

Putting  rot  if  =  — T  o(x,  y)  and  taking  Into  account  the  fact  that  6  Is 

Xi  2 

harmonic,  we  can  readily  show  that  Is  a  harmonic  function,  which  Is 
conjugate  to  6:  he/hx  =  8d/&y,  he/by  =  —hi/bx.  In  this  case  d  deter¬ 
mines,  a  part  for  a  factor,  the  z  component  of  the  current  density  vec¬ 
tor,  since 


el-Tdk  *dk  fA 

It  turns  out  that  for  the  given  field  structure  .the  axial  component  of 
T  depends  only  on  the  planar  component  of  if  and  the  planar  component 
of  T  only  on  the  axial  component  of  if. 

Let  us  apply,  finally,  the  curl  operation  to  Eq.  (1.6),  after 
which  we  obtain 


fot  (/7,  V)  /7.  =  - 1  -  &«)  =  0.  ( 2  •  5 ) 

Thus,  the  quantities  H  ,  H  ,  6,  and  -0  are  connected  by  the  following 

^  y 

four  relations: 


div//.=-  — «,  =  /iCv»  +  «'  =  C,. 

W.VO  — »0  =  O, 

where  S  and  0  are  conjvigate  harmonic  functions.  This  system  has  the 
simple  solution  S  =  const,  =  const  v/lth  one  constant  having  zero 
value  and  the  other  specified.  We  shall  prove  here  that  there  exist  no 
other  solutions  with  respect  to  0  and  O. 

Let  us  assume  that  S  and  0  are  not  constant.  Combining  the  first 
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and  last  equations  In  (2.6)  v;e  can  \irLte  IT  =  (l/o)  rot  T_L(x,  y).  In- 

n  z 

troduclng  this  expression  Into  the  last  tv;o  equations  of  (2.6)  and 
solving  them  with  respect  to  rot  T^L  we  obtain 

(2.7) 

'  V  2ir  • 

where  q  =  ^^(C^  —  6^),  W  =  1^1^.  It  follows  therefore  that 


div 


ImXVi 


2V 


Inasmuch  as  the  second  factor  la  colllnear  v;ith  1  ,  v;e  have  rot(7q/ai) 

z 

SI  0  and  we  arrive  after  some  calculations  to  the  necessity  of  the 
equality  W  =  F(q),  where  F  Is  an  arbitrary  function.  By  using  the  rep- 
■ resentatlon  of  ^  Introduced  above,  we  can  further  transform  the  sec- 
and  equation  in  (2.6)  Into 

Substituting  into  the  first  and  second  terms,  respectively,  the  first 
and  second  expressions  for  rot  l^L  from  (2.7)  we  get  after  simplifica¬ 
tion 


Q^_C,_9.+9..  (2.9) 

p  o  4 

Elementary  calculation  shows  that  Aq  =  2W{C2  —  ©  —  0  ),  W  =  P*(q)Vq, 
|Vq|^  =  4W[(C3^  -  +  0^6^].  We  can  therefore  write  ultimately  In 

place  of  (2.9) 

irjg) _ 1  (2.10) 

The  right  half  should  be  a  function  of  ^  only,  and  this  Is  impossible 
unless  S  and  aire  constants.  This  completes  the  proof.  Thus,  If  the 
transverse  field  vector  Is  Invariant  In  the  flow  direction,  then  It 
Is  either  solenoldal  with  constant  cxirl  or  potential  with  constamt  di¬ 
vergence.  In  either  case,  the  first  two  equations  of  (2.6),  which  are 
linear,  are  used  to  determine  }f  ,  while  v  and  h  are  determined  frca 
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designated  In  §1. 


(2.1)  and  (2.2).  This  attains  the  piirpcse 

Further  analysis  of  the  equations,  for  a  solenoldal  transverse 
field.  Is  given  In  the  author's  note  [2].  There  are  several  known  In¬ 
vestigations  dealing  with  flows  of  this  type.  Particular  solutions  of 
problems  Involving  the  flow  between  parallel  plates  with  =  const 
were  obtained  by  Hartmann  [3J,  Lehnert  [4],  and  were  subsequently 
cited  In  many  papers  [1,  5»  6].  Shercllff  [7]  considered  flow  In  a  rec¬ 
tangular  tube  for  a  homogeneous  transverse  field.  I.B.  Chekmarev  [8] 
and  Globe  [9]  solved  the  problem  for  an  annular  tube  with  Hq)  =  0, 

Hp  -  l/r.  In  all  the  mentioned  problems  it  was  assumed  that  6  =  •«>  =  0, 
l.e.,  there  was  no  current  In  the  direction  of  the  flow.  By  way  of  a 
further  example  we  can  point  out  the  possibility  of  investigating  the 
generalized  Couette  flow  between  cofocal  elliptical  cylinders  by  Intro¬ 
ducing  curvilinear  coordinates. 

For  a  potential  transverse  field,  solutions  of  some  specific  prob¬ 
lems  are  also  known.  Thus,  for  a  round  pipe  when  H<p  =  0,  H^,  ~  r,  a 
solution  was  obtained  by  Pal  [10].  The  problem  for  a  half  space  and  a 
flat  pipe  with  Inhomogeneous  transverse  field,  linearly  dependent  on 
the  transverse  coordinate,  was  considered  by  the  author  [11].  No  other 
simple  solutions  were  foxind. 

To  conclude  the  section  we  must  point  out  that  the  possibility  of 
reducing  the  problem  to  linear  equations  Is  not  limited  to  the  case 
when  =  0.  However,  solutions  with  any  degree  of  simplicity  are 

apparently  obtained  only  under  this  assumption. 

§3 

The  analysis  carried  out  in  the  present  paper  admits  of  several 
useful  generalizations  for  nonisothermai  flows.  The  case  of  forced  con¬ 
vection  is  in  principle  the  simplest,  since  the  energy  equation  is 
linear  In  the  temperature.  R.  Zlgel*  [12]  and  the  author  [13]  gave  ex- 
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amples  of  solutions  of  problems  of  this  type.  Great  Interest  Is  at¬ 
tached  to  the  solution  of  the  problem  of  the  Craetz-Nusselt  type, 
which  for  a  flat  pipe  reduces  to  the  I4athleu  ecjuatlon.  As  indicated 
above,  tree  convection  phenomena  are  somewhat  more  complicated  to  2uia- 
lyze.  It  Is  possible,  however,  to  prove  In  general  form  that  in  the 
case  of  negligibly  small  energy'  dissipation,  as  In  ordinary  hydrody¬ 
namics  ll4],  straight  line  motion  in  a  vertical  pipe  is  possible  only 
for  a  vertical  constant  temperature  gradient,  while  for  an  Inclined 
pipe  with  closed  cross  section  this  motion  should  be  equal  to  zero. 
Problems  concerning  free  convection  In  pipes  were  considered,  for  ex¬ 
ample,  In  (I5-I7].  It  Is  possible  also  to  obtain  some  exact  solutions 
for  axially  symmetrical  problems.  It  Is  possible  to  obtain  simultane¬ 
ously  the  conditions  for  the  stable  equilibrium  of  an  unevenly  heated 
liquid  In  a  vertical  channel.' 
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It  Is  not  essential  for  what  follows  to  assume  that  the  flow 
Is  statlonairy.  All  the  arguments  can  be  readily  carried  over 
to  the  nonstationary  case. 


SELF-SIMILAR  SOLUTIONS  OF  THE  MAGNETOHYDRODYNAMIC  EQUATIONS  ' 

N. I.  Pol’skly,  I.T.  Shvets 
Kiev 

In  many  nagnstohydrodynainlc  problems  the  magnetic  field  Induced 
by  the  electric  current  In  the  liquid  Is  negligibly  small  compared 
with  the  applied  magnetic  field.  As  shown  In  [1],  such  a  situation  ob¬ 
tains,  for  example.  In  the  problem  Involving  the  Investigation  of  flow 
In  the  vicinity  of  the  critical  point  of  a  blunt-nose  body  In  a  super¬ 
sonic  stream.  The  reason  why  the  applied  magnetic  field  la  practically 
undlstorted  by  the  electric  ciirrents  In  the  liquid  lies  In  the  small 
values  of  the  magnetic  Reynolds  numbers.  #  ' 

Neglecting  the  distortion  of  the  applied  magnetic  field,  we  can 
greatly  simplify  the  system  of  magnetohydrodynamlc  equations  and  re¬ 
duce  the  problem  to  an  Investigation  of  boundary  layer  equations.  In 
which  the  ponderomotlve  force  due  to  the  action  of  the  magnetic  field 
Is  suitably  taken  Into  account.  In  investigations  of  heat  exchange  It 
Is  necessary,  generally  speaking,  to  include  the  Joule  dissipation  in 
the  energy  equation. 

We  consider  below  precisely  such  a  system  of  differential  equa¬ 
tions  for  a  laminar  boundary  layer  in  the  presence  of  heat  exchange. 

In  addition  to  Reference  [1]  cited  above,  such  a  system  of  equa¬ 
tions  was  used  also  In  [2,  3]  under  certain  assumptions. 

In  all  these  Investigations,  self -similar  solutions  were  sought. 
In  [2],  In  particular.  It  was  shown  that  for  a  compressible  gas  self- 
similar  solutions  can  be  obtained  In  the  case  when  the  velocity  out- 
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side  the  boundary  layer  and  the  magnetic  field  intensity  vary  along 
the  body  in  the  stream  In  accordance  with  Interrelated  expressions  In 
powers  of  suitably  chosen  variables  (and  not  In  the  Initial  physical 
plane).  It  was  further  assumed  every  time  that  the  magnetic  field  In¬ 
tensity  does  not  vary  transversely  to  the  boundary  layer. 

A  method  can  be  Indicated  for  determlnli^  all  the  possible  self- 
similar  solutions  and  to  obtain  some  new  solutions.  The  general  pat¬ 
tern  for  finding  such  solutions  was  Indicated  by  us  in  [4],  where  cases 
of  compressible  and  Incompressible  liquids  were  considered.  Vfe  shall 
make  here  a  few  additional  remarks  pertaining  to  [4].  For  the  sake  of 
simplicity  we  confine  ourselves  to  the  case  of  am  incompressible  liq¬ 
uid.  The  extension  of  the  methods  employed  to  the  case  of  a  compres¬ 
sible  liquid  Is  given  In  [4]. 

We  write  down  the  Initial  system  of  differential  equations  for  a 
laminar  boundary  layer  In  an  Incompressible  liquid  In  the  form 


dtt  , .  da 
dx  dy 


1  <fp  ,  9a 


da  ,  dv 


d0  ,  d9  V  ,  I 


'ydx'^  jdy^  f  '  S'^dy'^  '  (1) 

Here  6(x,  y)  is  the  difference  between  the  enthalpy  per  unit  mass  at 
the  point  X,  y  of  the  boundary  layer  and  In  the  external  stream;  the 
other  symbols  are  standard.  The  last  term  In  the  equation  of  motion 
characterizes  the  magnetic  ponderomotive  force,  and  the  last  two  terms 
in  the  energy  equation  characterize  the  viscous  and  Joule  dissipation, 
respectively. 

The  boundary  conditions  are 

a(x.0)  =  t.(x.0)==(%  a(x,oo)  =  y,(x);  0(jr,O)  =  i(x); 

0(x,oo)=a 

We  note  Immediately  that  by  virtue  of  the  presence  of  pondero¬ 
motive  magnetic  forces  In  the  external  stream,  the  distribution  of  the 
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velocities  U  (x)  outside  the  layer  is  not  ccnn>jcted  with  the  pressure 
c 

by  means  of  the  Bernoull  equation.  In  other  words  — Ug(x)U'g{x)  j4 

^  dp/pdx. 

Let  X  and  x*  be  two  arbitrary  points  on  the  streamed-over  profile 
In  the  X,  ^  plane.  In  this  case  u(x,  y),  6{x,  y)  and  u(x*,  y),  6(x*,  y) 
are  the  corresponding  profiles  of  the  quantities  u  and  @  In  the  Indi¬ 
cated  points.  Bie  question  arises  whether  It  Is  possible  to  carry  out 
along  the  axes  u,  and  S  similarity  transformations  (with  generally 
speaking  different  coefficients  of  extension  or  contraction),  such 
that  the  profiles  u(x,  y)  and  6(x,  y)  become  exactly  congruent  with 
the  profiles  u(x*,  y)  and  ©(x*,  y).  The  similarity  coefficients  for 
fixed  X*  are,  of  coxirse,  functions  of  x-  If  the  indicated  transforma¬ 
tion  Is  possible  for  any  x,  then  it  is  stated  that  the  problem  has  a 
similar  or  self-similar  solution.  , 

In  accordance  with  the  results  of  [5,  6],  the  dstermlr.atlon  of 
all  the  self-similar  solutions  Is  equivalent  to  finding  all  those  sets 
of  functions  U(x),  t(x),  K(x)  for  which 

=  ■}'{■);  f^{x.y)=z{x)g(T]r,  z=yK{x)  (2) 

auid  the  initial  differential  equations  (l)  become  ordinary  differen¬ 
tial  equations  for  the  functions  <^(i)  and  g(0  the  variable  In 
the  given  case  we  must  add  that  we  are  seeking  in  addition  to  the  sets 
of  functions  U(x),  t(x),  K(x)  also  all  possible  functions  B(x). 

The  boundary  conditions  for  the  fvcictions  b(0  and  g(0  assxme  In 
this  case  the  form 

7(0)  =  ?'(0)  =  0;  '/(=o)  =  C;  ^(0)  =  1;  s(--=)  =  0.  (3) 

where  the  constant  C  >  0  has  not  yet  been  deteiTcined.  From  the  first 
equation  in  (2)  it  merely  follows  that 

U,{x)  =  CU{xX  (4) 

It  is  easy  to  see  that  the  continuity  equation  is  satisfied  if  we 
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it 


put  along  with  (2) 


UK 

K* 


5?'(t). 


(5) 


Substituting  (2)  and  (5)  In  (1),  we  obtain  after  simple  trans- 
'formatlons 

It  Is  easy  to  verify  that  Eqs.  (6)  will  be  ordinary  differential 
equations  If  and  only  If 

and,  under  suitable  normalization  of  the  function  K(x) 


1- 


Ufc  _t  K  i  •  £/* 


F’  *//•  F»  «  *» 


VK  r  ’tf~y  X 


(8) 


-where  a,  p,  and  y  are  constants.  In  addition,  the  quantity  oB^/pU’ 
should  be  a  function  of  C  only. 

Inasmuch  as  the  function  Tl{x)  Is  connected  with  the  still  undeter¬ 
mined  constant  C  by  means  of  Eq.  (4),  and  U(x)  Is  determined  below 
with  accuracy  to  within  a  constant  factor,  we  can  assxmie  without  loss 
of  generality  that  the  constant  in  the  right  half  of  (7)  is  equal  to 
unity.  In  other  words,  this  means  that  the  function  U(x),  unlike  the 
function  U^(x),  Is  connected  with  the  pressure  p(x)  by  the  Bernoulli 
equation. 

If  we  retain  at  least  one  of  the  last  two  terms  characterizing 
the  dissipation  in  the  energy  equation,  then  a  0  and  it  follows  from 
the  last  equations  in  (8)  that  y  =  2.  On  the  other  hand,  if  there  are 
no  dissipative  terms,  then  there  is  no  combination  U^/t  =  a  in  (6), 
l.e.,  we  can  assume  that  in  the  system  (6)  a  =  0  and  y  is  arbitrary. 

As  in  [6,  71,  we  can  determine  from  (8)  those  fiuictlons  U(x),  t(x). 
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K(x),  for  which  self-similar  solutions  are  possible.  JSiinely 

or  U~e“.  0=^2):  -.-IP.  (9) 


In  addition,  K  -  V  U'  and  7  =  2  In  the  presence  of  dissipative  terms. 

On  the  basis  of  (6)  we  can  readily  understand  that  self-similar 
solutions  eire  possible  only  when  the  magnetic  parameter 

Is.  constant.  From  this  it  follows  In  accordance  with  (9)  that 

B{x)~xT  or  S(x)~e^.  (lO) 

If  Conditions  (9)  and  (10)  are  satisfied,  the  equations  In  (6) 
turn  Into  ordinary  differential  equations 

?"'+ w" =?(?"- 1) +C»';  • 

^  +*?"*+«;?'•= 0, 


which  describe  self-similar  solutions.  The  boundary  conditions  are 
given  In  (3).  In  addition,  on  the  basis  of  the  foregoing,  7  *  2  If 
a  0, 

If  we  go  to  the  limit  of  §  -♦  ®  In  Eq.  { 11) ,  we  obtain 

?(c*-i)+;c=o. 

In  the  absence  of  Interaction  between  the  magnetic  field  and  the 
current,  5  =  0.  Then  C  =  1  and  on  the  basis  of  (4)  TJ  =  U. 

We  note  that  we  have  listed  above  all  the  possible  self-similar 
solutions  of  (1)  with  the  exception  of  two  cases.  The  point  Is  that  in 
the  derivation  of  the  equations  In  (6)  we  divided  by  U',  l.e.,  we  as- 
smed  that  U  ^  const,  aind  In  the  conditions  (8)  we  excluded  the  case 
1  —  UK’/U'K  =0,  l.e.,  p  =  w.  In  both  these  cases  It  is  also  possible 
to  obtain  self-similar  solutions.  We  note  that  In  the  first  case  we 
obtain  the  solution  of  the  problem  concerning  longitudinal  flow  over  a 
plate.  These  cases  were  considered  In  [4], 


■p 
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This  covers  cocpletely  the  question  of  finding  the  self-slnllar 
solutions  of  the  system  of  equations  (l). 

As  Indicated  above,  an  analogous  problem  which  includes  also  the 
case  of  a  compressible  liquid  Is  considered  In  [4], 
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QUASI-SUEERIMPOSABLE  FIELDS  OF  FINITE  AMPLITUDE 
IN  NOIODEAL  MAGNETOHYDRODYNAMICS 

V.S.  Tkallch 
Sulditiml 

1.  The  system  of  magnetohyctrodynamlc  equations  for  an  Incompres¬ 
sible  nonideal  liquid  has  In  nondlmenslonal  variables  the  form  [1,  2] 

dk/dt+(p^)h  =  (h'7)v  +  ;f^,  divA— 0,  j  (1.1) 

VF  =  (AV)A  +  pl»,  div»=»flL  | 

The  physical  quantities  In  the  absolute  Gaussian  system  of  xmlts  are 
related  with  the  Introduced  dimensionless  units  (uq,  \i,  t,  7,  ET,  £) 
In  the  following  fashion:  the  coordinates  are  (x^^L);  the  time  is  (tT); 
the  velocity  Is  (vi/T)»  the  magnetic  field  Is  (TT^^irpL/P) ;  the  total 
pressure  Is  pp(L/r)^  =  n  +  F  +  (ir<^47rpL/P)^/87r,  where  II  Is  the  ordinary 
hydrodynamic  pressure,  F  the  potential  of  the  external  forces  and  p 
the  density;  L  and  T  are  certain  characteristic  constants  with  dimen¬ 
sions  of  length  and  time.  The  quantities  p.  and  Pq  are  the  reciprocals 
of  the  analog  of  the  ordlnairy  and  magnetic  Reynolds  numbers  [2] 


M=7r/Z.».  i.,=c»7-/4.-.<tL» 

Where  y  Is  the  kinematic  viscosity  coefficient,  £  the  velocity  of 
light,  and  a  the  conductivity. 

2.  Quasl-superlmposable  fields.  We  denote  by  a  the  con^jlete  set 
of  sought  functions  of  the  system  (1.1) 


Let  a  =  Aq,  where 


a  =  {ft.  V.  p>. 

A,=  {H^  V^P,)- 
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(2.1) 

(2.2) 


Is  a  certain  kno'-vn  solution  of  the  systen  (l.l).  It  Is  then  advan¬ 
tageous  to  seek  a  certain  class  of  solutions  of  the  system  (1.1)  In' 
the  form 

a^At+A.  (2.3) 

Where  A  Is  a  new  set  of  the  sought  physical  quantities 

A  =  IH,V,P),  (2.^) 

connected  with  the  initial  set  as  follows: 

p  =  +  (2.5) 

If  the  following  conditions  hold  true 

then,  using  (1.1)  and  (2. 2-2. 5)  we  obtain  a  system  of  equations  that 
are  linear  In  A 

Dji-(Hv)K=(HoV)V-(Vs7)H^  div//=0.  1  (2.?) 

DV+  ( Vv)  K,  +  v/»= {//«V)  // + (/7v)  Ho.  div  V = 0 J 
with  generally  speaking  variable  coefficients.  D  and  Dq  are  the  linear 
differential  operators 

0=d/d/  +  (UoV)-pi,  D,=djdt  +  {V„s7)-^  (2.8) 

If  the  conditions  (2.6)  are  valid  for  any  solution  A  from  a  cer¬ 
tain  class  of  solutions  {a}  of  the  system  (2.7)  then  by  virtue  of  the 
linearity,  the  superposition  principle  holds  for  A. 

The  field  a  =  Aq  —  A,  which  consists  of  the  "main"  field  A^  and 
the  superimposed  field  A,  will  be  called  "quasl-superlraposable. "  Fields 
of  this  type  were  investigated  in  magnetohydrodynamics  and  in  multi- 
component  magnetohydrodynamics  [3/^]-  Super Imposable  fields  (and  fields 
close  to  them)  were  considered  previously  [1,  5--10]  from  different 
points  of  view. 

3.  One-diraenslonal  fields.  If  the  vector  fields  IT  and  T  are  one 
dlmenslonals  and  are  Independent  of  (the  analysis  Is  carried  out  in 
a  rectangular  coordinate  system) 


V  =  #,V(x..x,.0. 


(3.1) 


then  the  llneaurlty  conditions  (2.6),  and  also  the  solenoidal  conditions 
(2.7),  are  satisfied  Identically. 

Let  us  stipulate  that  each  term  In  the  system  (2.7)  he  Independent 
of  Xj^.  We  consider  one  characteristic  terra  from  each  group 

(W,V)W=T,(Vo.d/dxJV;  (Vv)K  =  VdVJdx,.  (3.2) 

where  siunraatlon  from  2  to  3  over  repeated  Greek  letter  Indices  Is  Im¬ 
plied.  It  follows  from  the  first  relation  In  (3.2)  that  only  ^01  can 
depend  on  x^^,  and  from  the  second  relation  It  follows  that  the  depend¬ 
ence  can  be  only  linear.  Analogous  conclusions  hold  true  also  for  the 
vector  Consequently,  we  can  put 

Vt=^{Vf\‘X\Ui)e\-^.V^  (3*3) 


Ihe  asterisk  on  the  vector  symbol  denotes  that  the  vector  Is  parallel 
to  the  plane  (Xg,  x^).  The  quantities  Bq,  }f*Q,  Uq,  are  In¬ 

dependent  of  Xj^.  Substituting  (3.3)  In  (3.2)  we  obtain 

(Wov)v=^(^v)v;  (vv)v«=^iy,v; 

consequently  all  the  vector  terms  In  the  system  (2.7)  are  directed 
along  the  first  axis.  Therefore  the  pressure  P  has  the  form 

i»=Q(0+ir.Qi(0.  (3.4) 

where  Q  and  are  arbltrau^y  functions  of  the  time. 

Substituting  (3.1*  3.3)  and  (3.4)  In  (2.7)  we  obtain  the  follow¬ 
ing  closed  system  of  equations,  which  are  linear  In  A: 

(D*  +  t/x)W+:Q,(0  =  [(^V).+  5,J///.  (3.5) 

The  operators  D*  and  I>*q  are  obtained  by  making  the  substitution 
(^V)  -*  (T^V)  In  Expressions  (2.8)  for  D  and  Dq. 

Choosing  the  pressvire  Pq  In  the  form  _ 

P$  =  Q»(xi.x^/)-i.x,Q„  (/) +^Q^(/}  (3.6) 
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and  substituting  the  expressions  {3-3»  3-6)  for  the  main  field  Aq  In 
the  system  (1.1),  resolving  Into  components,  and  equating  to  zero  the 
coefficients  of  Xp  we  obtain 

, 

(D‘ .J.  y,)i;, -i.Qo,(/)  =i(/5;v) +Bafl„ 

Vt=^-dV^dx„  B,=*~a/Udx,.  (3.8) 

Let  us  transform  the  system  (3.7).  Using  (3*8),  we  eliminate  from 
It  and  U^.  Talcing  the  divergence  of  the  first  equation,  we  obtain 
the  third.  Talcing  the  divergence  of  the  second  equation,  we  reduce  the 
fotirth  to  a  simpler  form.  Ve  obtain  a  system  of  five  equations 


z)^=(//Jv)v;  z>*v;+v*(?o=(«ov)/^; 


.S' 

•.s 

1 

+ 


dH^  dH^ 


(3.9) 


dx,  dXf  * 

which  contains  five  tonknoim  functions  (Hq^,  Qq)  of  the  coordinates 

and  of  the  time,  which  can  be  solved  independently  of  the  remaining 
equations.  Solving  this  system,  we  determine  and  from  (3.8);  to 
determine  Bq  and  Uq  we  obtain  a  system  of  tv;o  linear  equations 

(3. 10) 

(D*-dV.Jdx,)  Ua-i-Q,,  {0=I("Cv)  -  dffoJdx,]. 

which  coincides  with  (3.5),  apart  from  the  symbols;  consequently,  the 
part  (Bq?2^,  UqTj^,  Qqi^i)  of  main  field  Aq  "belongs”  simultaneously 
to  the  superlmposable  class  {4  Ve  shall  henceforth,  regard  this  part 
as  belonging  to  ^a};  without  loss  of  generality  we  can  put  Bq  =  Uq  = 

=  «01  =  ®- 


If  the  main  field  Aq  Is  chosen  In  the  form 
H,  =  Hi  =  const,  V,^Vl  (f).  P,  =*  <?oo(0 


(3.11) 


where  B*q  Is  an  arbitrary  constant  while  V*Q(t)  and  OQQft)  are  arbit¬ 
rary  functions  of  the  tire,  then  the  system  (3.8-3.10)  Is  Identically 
satisfied.  For  the  superlaposable  field  A  we  obtain  from  (3*5)  the 
system 

(3.12) 

Which  coincides  when  =  0  with  that  given  by  Shercllff  [5).  If 
=:  0,  then  the  system  (3.12)  splits  up  Into  two  Independent  equa¬ 
tions 

DlH=^0,  O*y+Q,(/)=0.  (3.13) 

4.  Two-dimensional  fields.  If  the  vector  fields  IT  and  tT  are  two 


dimensional  and  are  Independent  of  (x^,  :^) 

V*  =  P=F(xuO, 

then  both  the  linearity  conditions  (2.6)  and  the  solenoldal  conditions 
(2.7)  are  satisfied  Identically. 

•  Let  us  stipulate  that  all  the  terms  In  (2.7)  l>e  Independent  of  Xg 
and  Considering  t^rplcal  terms 

(V,^  V=  V,,dVjdx„  (i^)  Vo  =  V^dVJdx,,  (4.2) 
we  obtain  from  the  first  relation  in  (4.2)  that  only  V*q  can  depend  on 
(Xg,  J^).  From  the  second  equation  It  follows  that  the  dependence  on 
(Xg,  :^)  can  only  be  linear.  Similar  conclusions  hold  true  also  for 
the  vector  Consequently  the  fields  1?^  and  Vq  have  the  form 

=  Bo-fvA.  Va=  +  (4.3) 

where  iT^,  3^,  are  Independent  of  (xg,  x^)  with  the 

vectors  ^  parallel  to  the  plane  (Xg,  x^). 

Since  all  the  terns  In  (2.7)  <io  not  have  a  first  component  and 
are  Independent  of  (x^,  the  pressure  P  has  the  foim 

F  =  Q(0-}-r.(?.(/). 

where  Q  and  are  Tunctlons  of  the  time. 

Substituting  (4.1,  4.3)  and  (4.4)  In  (2.7),  we  obtain  a  closed 


system  consisting  of  two  vector  linear  equations 

Oq// — —  ItgidVjdXf 

D'V+,  t/.V,  -f  Q(/)  =  Woi  t)fi;dxt  + 

The  operators  and  Dq  are  obtained  by  making  the  substitution  (V>  - 
in  Ebqjressions  (2.8)  for  D  and  Dq. 

If  the  pressure  Pq  has  the  form 

then  the  main  field  Aq  determined  by  Relations  (4.3)  and  (4.6)  is  iden¬ 
tical  to  that  considered  by  Ll'n  [6].  Substituting  the  expressions  (4.3) 
and  (4.6)  in  (1.1)«  resolving  them  into  components,  and  equating  to 
zero  the  coefficients  of  x^,  we  separate  the  system 

DlH^^  =  HuidVJdxi,  DWn-VdQJdx^r=Ho^dHJdx„  (4.7) 

dHJdx^  +  =  0,  dVctIdXt  + 1/..  =• 

DlBa  +  =  MndUJdXt  +  B^f, 

D*u. + u,Jjj + Q.  (0 = Hjmjdx^ + 

Solving  this  system,  we  obtain  for  and  a  system  of  two  linear 
equations 

U^B^  =  fi,,dUJdx,  -  B,U^. 

D'U^  +  +  Qo  (0  =  HoidBJdx,  +  B^B^ 

which  coincides  with  (4.5),  apart  from  the  notation.  Consequently,  the 
part  (S^,  of  the  main  field  Aq  has  the  structure  of  the 

superlmposable  one  {^a].  We  shall  henceforth  regard  this  part  as  belong¬ 
ing  to  ;  without  loss  of  generality,  we  put  formally  =  "^  =  0 

Assiime  that  the  main  field  A^  has  the  form 

y»  =  Voi{0^i.  *  P»==QL^{i)-xtdVoJdt.  (4.10) 

Where  is  an  arbitrary  constant  and  Vq^,  and  Qqq  are  arbitrary  func¬ 
tions  of  the  tine.  The  system  (4.7,  4.8)  is  identically  satisfied;  for 
the  superlmposable  field  A  we  obtain  from  (4.5) 


(4.9) 


(4.5) 
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D'V+Q{l)^H,,d/fJdx,.  (^.11) 

If  Hq2^  =  0,  then  the  systen  (4.11)  splits  Into  two  independent  equa¬ 
tions 

=  D‘K+Q(/)=,0.  (4.12) 

5.  Stationary  motions.  Let  the  vector  fields  depend  only  on  a 
single  coordinate  (x^  =  x).  We  then  obtain  from  the  solenoldal  condi¬ 
tion  (1.1) 

Ai=W#  =»  const,  0|  const 


Let  us  separate  the  first  components  from  the  vectors  and-  consider 
henceforth  only  the  two-dimensional  vectors  If  =  (hg,  h^),  ^  =  (vg, 

It  then  follows  from  (1.1)  that  the  pressure  £  has  the  form 

p=Q,(/)+x.Q„  Q*=const  (5.1) 

Integrating  (l.l)  we  obtain  a  system  that  Is  linear  In  ^  and 

•(l'.-t.d/dx)y=//o«+C,r-.jtQ,  (5.2) 

where  'SJj  and  ^  are  arbitrary  constants.  If  the  liquid  is  Ideal,  ii  = 

=  |1q  =  0,  and  there  are  no  longitudinal  field  components,  Hq  =  Vq  =  0, 
then  the  vector  fields  are  arbitrary  functions  of  the  coordinate,  = 
=  lf(x),  T  =  V(x),  and  the  pressure  is  an  arbitrary  function  of  the 
time  p  =  p(t).  . 

If  Hq  =  0,  then  In  the  case  WJ-qVq  i4  0  the  general  solution  of 
(5.2)  Is 


-  C^_  0^+^ 
K  Vi 


(5.3) 


Where  Bjj  and  are  Integration  constants.  For  ordinary  hydrodynamics 
the  general  solution  Is  given  by  the  second  formula  of  (5-3) • 

If  ^  obtain  from  (5*2)  for  the  magnetic  f leld  ^  a 

linear  differential  second-order  equation 

D.j.^/dx*-(g  J-,.,)d/(Lc  J.  (V5-/4)J  /■/=*  ^.0;,+  //,(C^-^Q). 
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The  velocity  Is  expressed  in  terr.s  of  the  zmgnetlc  field  by 

v' -  (imo)[{v»  -  c„i 

We  note  that  results  similar  to  the  foregoing  were  obtained  by 

S.A.  Reglrer  [11]  for  a  straight-line  stationary  flow. 
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PROHLSH  OF  LtJERICATIOH  El  IWGlSTCHYDRCDyilAMICS 


I. Ye.  Tarapov 
Khar’kov 


¥e  consider  the  planar  motion  of  a  viscous  Incompressible  elec¬ 
trically  conducting  liquid  between  two  planes,  the  upper  one  of  which 
(y  =  h(z))  Is  stationary  In  the  chosen  coordinate  system,  and  the 
lower  one  (y  =  0)  has  a  velocity  — Vq  along  the  x  axis  (Fig.  1). 

The  fundamental  magnetohydrodynamlc  equations  [2]  are  written  In 

the  form 

c 

( 

T<Alv,H]+- 


(1) 

=0. 

(2) 

(3) 

(V-WV— lvt’+S)+ 


+  4^(//-7)//+vAV'. 


We  assume,  as  Is  done  In  the  theory  of  luorlcatlon  with  a  neutral 
liquid,  that  the  gap  between  the  planes  Is  every.^here  small,  l.e., 

&q/1  <  «  1  (see  Fig.  1),  so  that  the  motion  is  essentially  along 


the  X  axis,  l.e.,  V„  »  V  .  We  assxime  also  that  the  dimensionless 
~  X  y 


parameters  (the  ordlnaiy  and  "magnetic"  Reynolds  n’mbers)  Vq6^/v_1  and 
Vq&  o/Ic  are  small.  This  enables  us  to  discard  in  Eq.  (A)  the  iner¬ 
tial  terms  and  to  obtain  from  the  projection  of  Eq.  (3)  on  the 

j  axis 


d*//. 


d/ 


r-*=0. 


(5) 
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verse 


We  consider  the  flow  of  a  liquid  in  a  nagnetlc  field  whose  trans- 
co35)onent  asstmes  on  the  planes  y  =  0  and  y  —  h(x)  a  constant 
value  Hq,  and  whose  longitudinal  component  vanishes  on  these  planes. 
We  then  obtain  from  (5)  in  our  approximation 

Hy  =  %. 

Thus,  in  the  approximation  considered  we  have  from  the  projection 
of  (3)  on  the  x  axis  and  from  the  two  projections  of  Eq.  (4)  an  ap¬ 
proximate  system  for  the  detenainatlon  of  p,  and  in  the  follow¬ 
ing  form: 


V.(x.0)=-V^ 

V,  (X,  h)  =  V,  {X.  0)  =  V',  (X.  A)  =  0.  (8) 

ff.{x.0)=HAx.h)  =  O. 

Pifl.y) —PU.y)  =  p»  =  consi 

By  determining  the  functions  and  from  the  system  (6),  we 
obtain  subject  to  the  conditions  (8) 
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V,- 


y. 

2 


■  np(  u,  ‘"♦(‘'"tlV 

f- 

a  a‘''^c1.  *<»-*>  1 

«h*y 

4=t,//,V.  2  .  t(y-A) 

.  ***"  2 
sb-sr 


(9) 


(10) 


Here 


*=A(.t)  =  ?[{l-A)i  +  A|;  A=^<1; 

XJelng  Condition  (7)*  we  determine  the  function  P(x).  We  obtain 

after  substituting  the  obtained  value  of  In  (7) 

?*0  — A)dP__,  (^r  — B)thma 

2jiV'ot  dtt””  B(ma  — thmfl)  ’  '  ' 

Where  we  introduced  the  notation 
.>*_n-A)i+A: 

Taking  into  account  the  boundary  conditions  for  £  auid  Integrating 
(10)  from  A  to  1  (a  <  u  <  1),  we  obtain  the  value  of  the  constant 
which  is  the  dimensionless  flow  of  lubricant  in  the  bearing 


where 


tbma 


mu  —  tb  mu 


da. 


We  note  that  from  the  integrals  Tj^  we  can  calculate  In  final 


form: 


/,»In 


web  at  —  zh,’n 
wAcb  wA  —  sbwA  * 
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Now,  Integrating  (9)  fron  L  to  u,  v;e  obtain  the  pressure  dlstrlbu 
tlon  function  over  the  bearing 


m 

.  r  ihmm  .  . 

— /n*  I - rr - da. 

J  ma — tana 


thma) 


Integrating  this  expression  over  the  entire  length  of  the  bearing 
we  obtain  an  expression  for  the  lifting  force  P 


Using  the  e:q)resslon  (9)  for  the  velocity,  we  calculate  the  force  of 
friction  on  the  lower  plane 

Using  the  electronic  computer  "Ucal-l"  we  calculated  the  depend¬ 
ences  of  P^P/;iVq1^,  Pp/itVQl,  and  f  5  Pl/Pp  on  m  and  A. 

The  results  of  the  calciilatlons  are  listed  In  Table  1  and  are 
plotted  In  Pig.  2.  • 

From  the  table  and  from  the  plots  we  see  that  the  lifting  force 
zuid  the  friction  force  increase  with  increasing  m,  and  when  m  >  25  the 
Increase  Is  almost  linear;  thus,  the  value  of  f  tends  for  each  A  to  a 


limiting  value  f^,  with 


As  regards  the  value  of _g.  It  varies  little  with  m  (Fig.  3). 
Let  us  consider  several  limiting  cases. 

In  the  case  of  parallel  plates  (A  =  1,  dP/dx  =  0)  we  obtain 
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For  small  values  of  a  (a  «  1)  we  can  use  the  approximate  formulas 
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(15) 


3  l  +  l' 

In  the  second  Halting  case  of  large  values  of  m  (a  »  1)  we  oh- 
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tain  from  the  general  formulas 


2m{\ 


;<&  " ~  (f^)  +  araj' 3  ('"  s  I+i)  “(»i)  • 


When  m  =  0  the  expressions  (15)  obtained  go  over  Into  the  known 
ej^jresslons  for  a  flat  bearing  with  neutral  lubricant  [1]. 

Plgiare  3  shows  plots  of  the  principal  terms  of  the  dimensionless 
lifting  force  and  friction  force  as  functions  of  A  for  large  values  of 
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EXPERIMENTS  ON  THE  GENERATION  OF  A  MAGNETIC  FIELD  IN  METALS 
AND  THE  QUESTION  OF  THE  ORIGIN  OF  THE  GEOMAGNETIC  FIELD 

Yu.M.  Volkov,  L.  I.  Dorman,  Yu.M.  MlWiaylov 
.  Moscow 

§1.  STATUS  OF  THE  QUESTION  OP  GENERATION  OF  THE  MAGNETIC  FIELD  IN  METALS 
Bie  question  of  the  generation  of  magnetic  fields  is  one  of  the 
main  branches  of  magnetohydrodynamics.  This  branch,  which  arose  rela-  ' 
tively  long  ago  in  connection  with  the  problem  of  the  magnetic  field 
of  the  earth  and  of  other  celestial  bodies,  has  been  successfully  pro¬ 
gressing  recently  not  only  theoretically  but  also  experimentally.  The 
generation  of  the  field  can  be  explained  by  means  of  the  following  sim¬ 
ple  exaiiq)le. 

We  consider  the  motion  of  a  conducting  medium  in  a  magnetic  field. 
If  a  moving  rectangular  layer  is  in  contact  with  a  surrounding  conduct¬ 
ing  medium  (Fig.  1-a),  then  in  accord  with  the  law  of  induction  a 
closed  electric  current  is  produced,  which  creates  a  secondeiry  mag¬ 
netic  field  parallel  along  the  velocity  and  with  magnitude'  RjjjHq,  where 
the  magnetic  Reynolds  number.  In  the  case  of  rotating  conductors, 
for  example  when  cylinder  A  (Fig.  1-b)  rotates  relative  to  stationary 
cylinder  B  in  an  axial  magnetic  field,  a  toroidal  magnetic  field  h^  is 
produced.  This  phenomenon  is  the  basis  of  the  dynamo  theory  of  the  geo¬ 
magnetic  field.  In  connection  with  the  possibility  of  obtaining  tinder 
laboratory  conditions  magnetic  Reynold  numbers  from  10  to  100,  the  s’Jg- 
gestlon  has  been  made  that  a  model  of  the  dynamo  can  be  created  in  the 
laboratory  [2-4]. 
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Fig.  1.  Model  for  the  generation  of  a  magnetic 
field:  a)  generation  of  a  magnetic  field  by 
rectangular  motion  of  a  conducting  medium  (the 
external  magnetic  field  Is  vertical,  the  veloc> 
Ity  of  the  medlmn  and  the  Induced  field  are 
directed  perpendicular  to  the  plane  of  the 
flgtore);  b)  generation  by  rotating  cylinder  A 
relative  to  stationary  cylinder  B.  The  magnetic 
field  Is  directed  along  the  axis  of  rotation. 
The  Induced  magnetic  field  has  only  a  e  com^ 
ponent;  c)  Gellman  and  Bullard  model  of  self- 
excltlng  dynamo. 


Plgxire  1-c  shows  the  model  of  self-exciting  dynauno,  proposed  by 
Bullard  and  Gellman  [3].  The  system  co!i:5)rlses  a  copper  disk  connected 
to  a  helical  current  lead.  The  construction  of  the  cxirrent  lead  Is 
such  that  the  produced  field  reinforces  the  initial  field.  The  rate  of 
rotation  of  the  system  should  be  so  large  as  to  make  the  Induced  mag¬ 
netic  field  larger  than  or  equal  to  the  Initial  field.  Under  this  con¬ 
dition  self-excltatlon  of  the  system  is  possible.  Estimates  show  that 
the  system  shown  In  Pig.  1-c,  If  made  of  copper,  should  be  excited  at 
n  ~  10  revolutions  per  second.  Such  a  velocity  Is  feasible  under  lab¬ 
oratory  conditions. 

It  must  be  noted  that  the  estimates  given  do  not  take  account  of 
many  factors  which  greatly  Influence  the  experiment.  These  Include  the 
contact  resistance,  the  redistribution  of  the  current  in  the  rotor  upon 
interaction  with  the  asymmetrical  stator,  and  others.  Apparently  these 
factors  exert  an  appreciable  Influence  on  the  magnitude  of  the  gen¬ 
erated  field,  since  ho  dynamo  phenomena  were  observed  In  the  experl- 


Pig.  2.  Diagram  of  apparatus  for  the  investiga¬ 
tion  of  field  generation  in  solid  conductors. 

1]  Coil;  2)  insulator;  3)  mercury;  4)  rotor; 

5)  stator;  6)  transmitter. 

mental  works  [1,  4]  under  conditions  close  to  theoretical,  and  the 
measured  value  of  the  Induced  magnetic  field  tiucned  out  to  he  one  or 
two  orders  of  magnitude  smaller  than  predicted  hy  theory. 

Herzenberg  and  Lowes  [1]  investigated  the  Induced  magnetic  field 
in  solid  conductors.  The  apparatus  they  employed  is  shown  in  Pig.  2. 
The  maximum  field  obtained  at  a  distance  12  cm  from  the  rotor  was  1C" 
of  the  initial  field. 

Lehnert  [4]  investigated  magnetic  fields  in  liquid  sodium.  A 
sodium  installation  with  volime  of  60  liters  was  used  to  investigate 
the  fields.  The  magnetic  Reynolds  numbers  reached  10,  but  the  magnl- 


tuds  of  the  Induced  field  remained  not  more  than  1/-4  of  the  initial 
value. 

The  magnitude  of  the  measured  field  is  essentially  connected  with 

the  question  of  the  leakage  of  the  field  outside  the  confines  of  the 

system.  In  19^9  Bullard  [5]  showed  that  in  the  case  of  axial  symmetry 

the  field  outside  the  limits  of  the  external  conductor  is  equal  to 

zero.  Let  us  consider  the  system  of  cylinders  shown  in  Pig.  1-b.  Prom 

symmetry  considerations  Sh^/3<p  =  0.  At  the  same  time,  ^h^^d?  over  any 

closed  9-contour  beyond  the  limits  of  the  external  conductor  is  equal 

to  zero,  since  the  total  current  through  the  surface  bearing  against 

the  given  contact  is  equal  to  zero.  Thus,  the  field  beyond  the  limits 

of  the  external  cylinder  is  h_  =  0.  The  measurement  of  the  field  is 

<P 

possible  only  in  the  presence  of  asymmetry.  Besides,  the  geometry  of 
the  asymmetry  greatly  Influences  the  magnitude  of  the  measured  field. 

An  analogous  phenomenon  occurs  also  in  the  case  of  straight-line  motion 
of  a  liquid. 

In  the  paper  presented  here  we  carry  out  further  investigation  of 
the  generation  of  a  field  in  liquid  and  solid  conductors.  In  particu¬ 
lar,  we  investigate  the  following  questions,  v?hich,  as  far  as  \:s  know, 
were  not  discussed  in  the  llteratiu’e  before: 

1)  the  dependence  of  the  intensity  of  the  generated  field  on  the 
conductivity  of  the  rotor,  stator,  and  the  conducting  layer; 

2)  distribution  of  the  generated  field  in  space; 

3)  excitation  of  variable  fields  in  an  inhomogeneous  structure. 

In  connection  with  the  results  obtained,  v;e  discuss  also  the  ques¬ 
tion  of  the  origin  of  the  magnetic  field  of  the  earth  and  other  celes¬ 
tial  bodies,  and  also  the  origin  of  secular  variations  of  the  geomag¬ 
netic  field. 


§2.  GEIERATIOII  0?  I-IAGiiETIC  FIEID  UPON  RGTATIO!!  OF  A  SPHERE  DJ  A  SOLID 
OR  LIQUID  MEDIUM  WITH  ACC0U2.T  OF. THE  DIFFEREJJCE  IN  CONDUCTIVITY 
BETWEEN  THE  SPHERE  AND  THE  IGDIUM 

To  obtain  theoretical  estlsjates  of  the  magnitude  and  distribution 
of  the  generated  field  and  to  clarify  the  character  of  Its  dependence 
on  the  main  parameters,  let  us  consider  the  generation  of  a  field  by  a 
solid  sphere  of  radltis  a  and  with  conductivity  rotating  In  an  ex¬ 
ternal  homogeneous  magnetic  field,  directed  along  the  axis  of  rotation. 
The  sphere  Is  In  contact  with  a  sxirrotindlng  solid  Infinite  medium  with 
conductivity  o^,  through  a  layer  having  a  conductivity  Og  emd  a  thick¬ 
ness  A  =  b  —  a,  where  b  Is  the  outer  radius  of  the  layer.  The  condi¬ 
tions  of  the  problem  are  specified  by  means  of  the  equations 


rot  £  =  0; 
r=a|£+ij„,/y}|; 


dlvi/  =  0. 


(2.1) 

(2.2) 

(2.3) 

(2.^) 


Here,  as  usually,  if  and  ^  are  the  Intensity  of  the  magnetic  and 
electric  fields,  respectively,  T  is  the  current  density,  v  Is  the  vel¬ 
ocity  of  motion  and  a  is  the  conductivity.  We  shall  seek  a  solution  In 
the  form 

H  =  (2.5) 

where  1?^  Is  the  external  field  and  TT  is  the  induced  field.  Prom  Eq. 
(2.2)  It  follows  that  it  is  possible  to  Introduce  an  electric  field 


potential  9: 


£  —  grad  9. 


(2.6) 


The  boundary  conditions  are  determined  by  the  expressions 


=<?»  I 

J'l—J’t  J 


for  /■  =  o,  r  =  6; 


mi 


the  velocity  v  Is  specified  in  accordance  with  the  conditions  of  the 


problem  In  the  form; 


V  =  V.  =  0  In  all  of  space,  and 
r  V 


{u^sind,  Ifr! 
01  If  r>a. 


(2.9) 


Substituting  (2.9)  li?  (2.3)  and  taking  the  divergence  of  both  halves 


of  the  equation,  we  obtain 


for  /<fl. 


|0  for  />«. 

We  seek  the  solution  for  the  potential  q>  In  the  form 


(2.10) 


(^-a=)|+/1i^*^s(cos0).  if  r<a. 
v1,^P;(cosd),  lfr>ft. 


(2.11) 


Where  p2(cos  ^)  Is  the  Legendre  polynomial  and  Ag,  A^,  A|^  are  di¬ 
mensionless  constants  which  are  determined  from  the  boundary  condl- 
tlons  (2.7)  and  (2.8).  We  then  determine  J  from  (2.3)  and  after  sub¬ 
stituting  the  resultant  expression  In  (2.1)  we  obtain  for  tT  a  linear 
differential  equation,  the  solution  of  which  in  the  region  r  >  b  Is 


given  In  the  form 


A>=0, 

^  4  sin>cos» 

- X 


X - 


(27, -f  3"J^3,5(1  — —  (1 — ^3/52)  2  *  5  (2.12) 


We  can  solve  analogously  the  problem  of  the  induction  of  the  magnetic 
field  IT  resulting  from  the  rotation  of  a  solid  sphere  with  conductivity 
in  a  viscous  conducting  liquid  with  conductivity  Og  in  an  external 
homogeneous  field  Hq  directed  along  the  axis  of  rotation.  The  velocity 
distribution  is  specified  la  the  following  manner: 


-  150  - 


=  0  In  all  of  space 


IiorsinO, 
wo^sin> 


If  r<ii. 
If  r>a. 


(2.13) 


The  solution  of  Eqs.  (2. 1-2. 4)  with  Boundary  Conditions -(2.7)  and 
(2.8)  at  r  =  a  for  7  and  <p  defined  by  (2.6)  Is  sought  In  the  form  IT  = 

=  ^  +  IT,  where  IT  Is  the  Induced  field.  In  this  case  we  obtain  In  place 
of  (2.10)  the  following  equation  for  q>: 


-r.  if  r<a, 

-^^*^i(cose).  If  r>fl. 


(2.14) 


Leaving  out  the  Intermediate  steps,  which  are  similar  to  those  used  In 
the  preceding  case,  we  obtain  the  solution  In  the  region  r  >  a  (which 
we  propose  to  check  e:qperlmentally)  In  the  form 


hr~h^--=sO,- 

_  2sMa»//o9,sin8'COS»  f,  3a,  /a\*l  (2.15) 

’  c»r  I*  2a,  +  3a,  \7/J' 

Compairlson  of  (2.19)  with  (2.16)  shows  that  the  field  In  a  viscous  con¬ 
ducting  liquid  decreases  much  more  slowly  with  distance  away  from  the 
center  of  the  sphere  than  the  field  In  a  solid  medium  (as  l/r  eind  1/r^, 
respectively), 

§3.  DESCRIPTION  OF  EXPERn-ENTAL  SETUPS 

To  check  the  results  obtained  in  §2,  we  used  two  setups  v/hlch  en¬ 
abled  us  to  study  the  generation  of  the  field  upon  rotation  of  a  con¬ 
ducting  rotor  in  both  a  solid  and  liquid  medium,  in  a  homogeneous  mag¬ 
netic  field  parallel  to  the  axis  of  rotation.  Because  of  the  appreci¬ 
able  difficulties  in  the  manufacture  of  a  coaxial  spherical  structiire, 
we  used  a  copper  cylinder  as  a  rotor. 

It  was  shown  in  [1]  that  the  field  distribution  at  a  distance 
larger  than  the  radius  of  the  cylinder  is  in  first  approxlmatlo..  the 
same  for  a  case  of  the  spherical  and  for  a  cylindrical  rotor  of  limited 


height.  In  addition,  the  described  setups  enabled  us  to  Investigate 
the  generation  of  fields  In  many  cases  that  were  "Inteimedlate"^  between 
rotation  In  a  liquid  and  In  a  solid  medium.  Thus,  conducting  and  non¬ 
conducting  blades  could  be  used  for  the  rotor.  The  solid  stator  could 
be  made  up  of  layers  having  different  conductivities. 


Fig.  3*  Setup  for  the  investigation  of  the 
generation  of  a  field  in  mercury.  1)  Rotor; 

2)  mercury;  3)  rubber  bag;  4)  magnetic 
field  transmitter;  5)  solenoid;  o)  stain¬ 
less  steel  vessel;  7}  wooden  clamping 
frame,  a)  To  reduction  gear. 

The  setup  with  solid  stator  (see  Pig.  2)  Is  analogous  to  that 
described  by  Herzenberg  and  Lowes  [1].  The  rotor  Is  a  copper  cylinder 
40  mm  In  diameter  and  70  ^  high.  The  stator  Is  a  copper  cylinder  120 


mm  in  diameter  and  120  ram  high,  with  a  slot  cut  on  the  side  at  an  angle 
of  45°  to  produce  asymmetry.  The  electric  contact  between  the  rotor 


and  the  stator  v/as  with  the  aid  of  a  tsercury  layer. 

The  setup  for  Investlsatlon  of  seneratlon  of  a  field  In  a  liquid 
medlun  (Fig.  3)  has  a  rotor  part  slnllar  to  that  In  the  preceding  setup. 
Eie  rotor  Is  a  copper  or  nonconducting  blade  rotating  In  mercury, 
which  Is  poured  In  a  loibber  bag.  On  the  bottom  of  the  bag  Is  a  ledge, 
also  Intended  to  produce  asymmetry.  The  external  field  was  produced  by 
a  solenoid  160  mm  In  diameter.  The  horizontal  component  of  the  earth's 
field  was  neutralized  with  the  aid  of  Helmholz  colls. 

The  Induced  field  was  registered  with  the  aid  of  a  specially  con¬ 
structed  magnetometer  with  maximum  sensitivity  2.hy  per  division.  The 
magnetic  field  transmitter  (cylinder  10  mm  In  diameter  and  SO  mm  long) 
was  a  saturated  ferromagnetic  probe.  The  magnetometer  Is  sensitive  to 
the  second  harmonic  of  the  a^^xlliary  field  exciting  the  transmitter. 

The  magnetometer  readings  v/ere  recorded  by  means  of  an  EPPV-51 
electronic  potentiometer.  The  speed  of  the  rotor  was  measured  with  a 
high-frequency  NF-2  phase  meter  with  selsyn  transmitter.  The  vibrations 
of  the  transmitter  in  the  earth's  magnetic  field  and  In  the  solenoid 
field  were  the  main  source  of  measiu-ement  error.  To  eliminate  the  in¬ 
fluence  of  the  vibrations,  the  transmitter  was  rigidly  secured  to  the 
solenoid  of  the  external  field.  This  made  it  possible  to  reduce  greatly 
the  scatter  in  the  magnetometer  readings.  An  estimate  of  this  and  o:;her 
factors  Influencing  on  the  measurement  accuracy  shows  that  the  relative 
error  In  the  measurement  with  a  solid  stator  does  not  exceed  10^,  while 
In  measurement  with  mercury  it  does  not  exceed  15  or  2C^. 

§4.  EXFERE-SI.TAL  RESUITS 

4.1.  Generation  of  Field  In  Solid  Conductors 

Owing  to  the  asymmetry  of  the  stator,  the  generated  field  emerges 
In  part  outside  the  stator.  The  degree  of  emergence  of  the  field  for  a 
given  configuration  Is  not  known  exactly.  Ve  therefore  determined  In. 
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otir  Investigation  only  the  character  of  the  dependence  of  h^  on  sev¬ 
eral  of  the  parameters  contained  In  (2.12). 

Deoendence  of  h_  on  the  external  field 

.  -»■ "  ■  '  "  —  —  ■  O 

The  ej^ierlment  confirms  the  linear  dependence  of  h^  on  Hq  (Pig. 
In  accordance  with  Expression  (2.12).  The  sign  of  h^^^  changes  with 
changing  sign  of  Hq  and  with  changing  direction  of  rotor  rotation. 


Fig.  4.  Dependence  of  the  generated  field  h^ 

on  the  intensity  of  the  homogeneous  vertical 
magnetic  field  Hq  at  two  speeds  of  rotation 

(the  shifts  of  the  lines  on  the  abscissa 
axis  is  due  to  the  fact  that  the  vertical 
component  of  the  earth's  magnetic  field  was 
not  neutralized) .  1)  Revolution  per  second; 
2)  rotor  moving  clock-wise;  3)  rotor  moving 
c  ovmter  c  lockwls  e . 


Dependence  of  h^  on  the  angular  velocity  o 

No  special  measurements  of  the  dependence  of  h^^  on  o)  were  made, 
since  It  was  already  established  In  [1]  that  this  dependence  Is  linear. 
Our  Effiasurements  at  rovr  speeds  of  rotation,  namely  9,  13*5*  28,  amd 
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45.4  revolutions  per  second,  conflr-.ed  the  results  of  [1]. 

Spatial  Distribution  of 

Figure  5  shows  the  dependence  of  h^  on  the  distance  to  the  bottom 
of  the  rotor,  measured  along  the  axis  of  rotation.  Similar  cvirves  were 

obtained  In  measurements  of  h_  along  other 
lines  parallel  to  the  axis  of  rotation  and 
located  different  distances  away  from  It. 

The  maximum  value  of  the  field  was  obtained 
at  the  bottom  of  the  stator  at  the  center 
of  the  bevel  cut.  In  the  case  when  the  rotor 
was  a  copper  cylinder  and  the  stator  was 
also  a  copper  cylinder  (with  a  cut),  the 
result  was 

*»=(3.a7  +  o.-i)X10-^/i.//o.  (4.1) 
where  n  la  the  number  of  rotor  revolutions 
(l)er  second)  and  Hq  is  the  external  field 


Pig.  5.  Dependence  of 
the  generated  field  on 
the  distance  to  the 
rotor.  1)  Revolution 
per  second;  2)  oersted. 


(in  oersted).  The  dependence  shown  In  Fig.  5  Is  well  approximated  by 
the  expression 


(4.2) 

const 

in  accordance  with  (2.12).  r* 

Dependence  of  h^^  on  the  conductivities  of  the  rotor,  the  stator,  and 
the  layer- 

It  Is  seen  from  Formula  (2.12)  that  h^^  is  also  a  function  of  the 
conductivities  and  dimensions  of  the  individual  parts  of  the  setup.  In 
order  to  determine  this  dependence,  experiments  were  made  with  a  stator 
made  of  copper  with  lead  insert  (the  rotor  was  a  copper  cylinder),  and 
also  with  a  rotor  made  In  the  form  of  a  blade  of  nonconducting  material 
with  a  copper  stator.  The  results  of  these  measurements  (as  well  as  of 
measurements  in  a  liquid  medium)  are  listed  In  Table  1. 
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Let  B  be  the  ratio  of  the  field  h  ,  obtained  for  different  con- 
blnatlons  of  rotor  auid  stator  conductivities'  to  the  value  of  h_  for 
the  setup  where  the  rotor  is  cade  of  copper,  the  layer  of  mercury,  and 
the  stator  of  copper.  Table  1  shows  good  agreement  between  and 

Pteor*  calculated  from  (2.12)  for  the  case  of  a  solid  stator  and  from 
(2.15)  (with  r  =«  a)  for  a  liquid  stator. 


TABLE  1 


3,  |Vu«p  ] 

|2  n|wv.ioA«a 

1 

1 

~  ^  npIlMnSHM 

5>Vlfc  IprjTk 

jA-l  MM 

Mcjik  ■ 

7 

ifi 

PtJTfc 

1  MM 

CauHt'it 

0,-175 

0.15  ±  0,04 

CsiIIIUOBuA  C.10A  A  6  HM 

■  MMHOM  craiope  9 

6Pt}Ib 

PtyTfc 

M*Ak 

0,111 

0,12  ±  0.01 

PoTop  —  HenpoBoaiinaa 
.lonanca  lO 

Pf>rk 

Prj-TW 

PlJ-Tk 

0.067 

0,078  ±  0,016 

.MeaHaa  .lonaTica  •  pTjta 

•Mfik  j 

PTJTk 

A  4  0^  MM 

.latj'Uk 

a 

0.451 

0,50  ±  0.07 

Hi  pa6oTU  (1]  12 

Ij  Rotorj  2)  layer;  3)  stator;  4^  remarks; 
5^  copper;  6)  mercury;  7)  lead;  o)  brass; 

9)  lead  layer  d  =  6  mm  In  copper  stator; 

10)  rotor  —  nonconducting  blade;  11)  copper 
blade  In  mercury;  12)  from  Reference  [Ij. 


4.2.  Generation  of  a  Field  In  a  Liquid  Hedltm 

When  a  field  Is  generated  In  a  liquid  conducting  medium,  hydrody¬ 
namic  phenomena  begin  to  play  an  important  role.  The  experiments  were 


Fig.  6.  Dependence  of  the  generated  field 
on  Hq  for  rotation  of  a  copper  blade  In 

merc\ary.  1)  Revolutions  per  second;  2)  oer¬ 
sted. 
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carried  out  in  such  a  way  that  there  v:ere  no  conditions  under  which 
the  mercury  becomes  turbulent.  Special  measures  were  adopted  to  reduce 
the  Influence  of  vibration,  since  the  interference  due  to  vibration 
was  particularly  strong  In  this  e^^jeriment. 

Dependence  of  h^  on  the  external  field  Hq 

Figure  6  shows  the  results  of  the  jneasxirements  of  h^  as  a  func¬ 
tion  of  Hq.  Within  the  accuracy  limits,  a  linear  dependence  Is  ob¬ 
served  over  a  wide  range  of  fields.  Reversal  of  the  sign  of  the  exter¬ 
nal  field  Is  accompanied  by  the  reversal  of  the  sign  of  h^. 

Dependence  of  h^  on  the  speed  of  rotation 

As  In  the  case  of  the  solid  rotor,  a  linear  relation  exists  be¬ 
tween  h„  and  the  number  of  revolutions  n  per  unit  time  (Fig.  7)*  The 

sign  of  h^  depends  on  the  direction  of 
rotation.  At  rotation  speeds  exceeding 
8  revolutions  per  second,  the  propor¬ 
tionality  breaks  do'-m,  possibly  owing  to 
breakdo^m  In  the  laminar  nat\ire  of  the 
flow  of  mercury. 

Deoendence  of  h  on  the  depth  of  immer- 
sion  of  the  rotor 

It  was  proposed  to  study  the  dis¬ 
tribution  of  the  field  h^^  by  Immersing 
the  rotor  in  mercury  and  bringing  it 
closer  to  the  transmitter.  However,  this 
disclosed  no  change  in  the  readings  of 
the  transmitter,  which  stayed  in  all  the 
measurements  at  a  level  of  270y  at  n  =  3 
revolutions  per  second.  This  can  be  at¬ 
tributed  to  the  fact  that  the  maximum 


Fig.  7»  Dependence  of 

on  the  number  of  revolu¬ 
tions  of  a  copper  blade 
In  mercury  at  Hq  =  13-5 

oersted,  l)  Clockwise 
rotation;  2)  counterclock¬ 
wise  rotation;  3)  revolu¬ 
tions  per  second. 
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generated  field  was  produced  soniev;here  near  the  Inhcnogenelty  produced 
by  the  ledge  In  the  bag,  and  that  the  Imerslon  of  the  rotor  did  not 
Influence  the  degree  of  this  Inhoraogenelty  In  the  hydrodynamic  motion 
of  the  mercury. 

Unfortunately,  the  strong  Influence  of  vibration,  which  made  it 
necessary  to  secure  the  transmitter  rigidly  to  the  solenoid,  as  well 
as  the  construction  of  the  setup,  did  not  make  It  possible  to  shift 
the  transmitter  relative  to  the  setup,  l.e.,  to  measure  the  spatial 
distribution  of  the  field.  In  the  case  of  the  liquid  rotor,  the  abso* 
lute  value  of  the  field  was  13  times  smaller  than  In  the  case  with  the 
solid  copper  rotor. 

4.3.  Generation  of  Alternating  Field 

In  the  case  when  the  rotor  Is  asymmetrical  (for  example,  made  In 
the  form  of  a  blade),  one  observes  along  with  the  constant  Aeld  h^ 

mm 

also  the  generation  of  an  alternating  field  h^^  with  fundamentail  fre¬ 
quency  f  =  nk,  where  k  Is  the  number  of  blades,  and  n  Is  the  number  of 

mm 

revolutions  per  second.  The  spectrimi  of  the  variable  field  h  has  also 
higher  harmonics  with  amplitudes  that  are  smaller  than  the  ftindamental. 
The  alternating  field  vras  registered  with  a  ferrite  transmitter  of  the 
inductive  type.  The  voltage  of  frequency  f  was  separated  by  a  low  pass 
filter,  amplified  by  a  factor  10^,  and  measured  with  a  vacuum  tube 
voltmeter.  The  transmitter  was  calibrated  with  the  Helmholz  colls. 
Measurements  have  shown  that  in  the  case  of  a  nonconducting  blade 

A?=0,8-I0-s-n//».  (4.3) 

In  the  case  of  a  conducting  blade  this  field  is  3-5  times  larger. 

§5.  DISCUSSION  OP  THE  RESULTS  AliD  THE  QUESTION  OF  THE  ORIGIN  OF  THE 
GEOMAGNETIC  FIELDS  AND  OF  THE  SECULAR  VARIATIONS 

We  have  thus  determined  the  theoretical  and  experimental  depend¬ 
ence  of  the  generated  field  for  different  systems  comprising  conducting 
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liquid  and  solid  media  moving  relative  to  each  other  In  an  external 
magnetic  field  as  functions  of  various  parameters:  the  configuration, 
speed  of  motion.  Intensity  of  external  field,  and  ratio  of  conductlvl* 
ties,  2Uid  we  also  estimated  the  distribution  of  the  field  In  space.  In 
particular,  we  have  shown  that  the  essential  dependence  of  the  magni¬ 
tude  of  the  generated  field  on  the  ratio  of  the  conductivities  of  the 
different  contacting  media  can  be  well  e:q>lalned  by  the  theory.  In 
equally  good  agreement  with  the  theory  are  the  obtained  field  distribu¬ 
tion  In  space  and  the  dependence  of  the  generated  field  on  the  speed 
of  motion  and  on  the  Intensity  of  the  external  field.  The  magnitude  of 
the  generated  field  reached  In  this  case  I/30  the  veilue  of  the  exter¬ 
nal  one. 

In  this  connection  we  note  that  Bullard's  theory  [3,  5l  presup¬ 
poses  generation  of  a  dipole  field  with  Intensity  approximately  0.01 
of  the  specified  azimuthal  field.  The  generation  of  the  field  Is 
brought  about  here  by  regxilar  convection  with  speed  of  several  hun¬ 
dredths  of  a  centimeter  per  second,  which  corresponds.  Judging  from 
the  value  of  the  magnetic  Reynolds  nimibers,  to  the  conditions  prevail¬ 
ing  In  the  described  experiments.  Apparently  there  are  no  principal 
difficulties  Involved  In  so  modifying  the  experiment  as  to  make  the 
external  field  azimuthal,  making  the  motion  of  the  liquid  correspond 
In  Its  character  to  regular  convection  so  that  the  generated  field  has 
in  this  case  a  dipole  character.  The  results  obtained  are  not  only  evi¬ 
dent  In  favor  of  the  hypothesis  of  the  magnetohydrodynamlc  origin  of 
the  geomagnetic  field,  but  Indicate  also  the  possibility  of  simulating, 
under  laboratory  conditions,  the  main  processes  occurring  inside  the 
earth  and  leading  to  the  generation  of  both  the  dipole  field  and  the 
secular  variations  (from  this  point  of  view,  interest  nay  attach  to 
the  data  (4.3)  on  the  generation  of  an  alternating  field  In  the  pres- 
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ence  of  a  certain  asyrnnetry  in  the  notion  of  the  conducting  liquid). 
We  hope  that  the  proposed  modification  of  the  experiment  will  enable 
us  to  check  both  the  aspects  of  Bullard's  theory  and  also  certain  as¬ 
pects  of  Parker's  theory  [6]  and  a  few  magnet ohydrodynamlc  theories. 
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MAGNETOHYDRODYNAMICS  OF  THE  OCEAN 

V.M.  Kontorovlch 
Khar'kpv 

1.  ABSTRACT  •  . 

nie  earth's  seas  and  oceans  can.  In  a  certain  sense,  be  Included 
among  the  magnetohydrodynamic  media.*  To  be  sure,  owing  to  the  rela¬ 
tively  low  conductivity  of  sea  water  (o  -  10^®  sec"^)  and  the  weak  hy-  - 
dromagnetlc  coupling  In  the  earth's  magnetic  field,  B  ~  0.5  oersted, 
the  magnet ohydrodynamlc  effects  In  sea  water  are  quite  weak  and  manl- 
feat  themselves  only  In  motions  of  sufficiently  large  scale.  The  pos¬ 
sibility  of  such  motion  In  the  sea  or  In  the  ocean  does  Indeed  enable 
xis  to  consider  the  latter  as  being  magnetohydrodynaralc  media. 

The  Influence  of  the  earth's  magnetism  on  the  hydrodynamic  mo¬ 
tions  Is  as  a  rule  negligibly  small,  provided  these  motions  exist  in 
the  absence  of  a  magnetic  field.  I^Iagnetohydrodynamlc  effects  manifest 
themselves  In  the  generation  of  current  and  an  electromagnetic  field 
by  the  hydrodynamic  fields.  Thus,  the  propagation  of  infrasound  In  the 
ocean  is  accompanied  by  the  propagation  of  an  undamped  elec trcm.agne ole 
field  coupled  to  it,  the  waves  on  the  surface  of  the  sea  give  rise  oo 
electromagnetic  noise  along  with  acoustic  noise,  and  sea  c\irrents  lead 
to  local  changes  of  the  earth's  magnetic  field. 

2.  WIND  CURRENTS  “ 

In  the  simplest  case  of  Ekman  wind  currents  [1],  the  magnetohyiro- 
dynamlc  equations  can  be  solved  exactly.  Cne  considers  the  stationary 
and  homogeneous  motion  of  a  viscous  conducting  lncom,pres3ible  liquid 
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In  the  half  space  z  >  0  (3/ot  =  b/bx  =  b/ay  =  0)  under  the  Influence 
of  the  tangential  friction  force  T  (at  z  =  C)  of  a  wind  blowing  along 
the  axis.  It  follows  from  dlv  V  =  0  and  dlv  ^=0  that  =  const, 

V  =  0.  Using  the  boundauTr  condition  7=0,  d^dz  =  0  for  z  =  +«,  we  .. 

Z 

obtain  the  magnetohydrodynamlc  equations  (with  account  of  the  Coriolis 
force)  for  the  complex  velocity. w  =  v  +  Iv  and  for  a  complex  magnetic 

*  jT 

field  B  =  B  +  IB  in  the  form 
*  y 


where 


(1) 

- - 

(2) 

(3) 

1  =  l/aj~2  Is  the  characteristic  (vertical)  scale  of  flow  In  the  ab¬ 
sence  of  a  magnetic  field,  1/b  Is  the  characteristic  scale  connected 
with  the  action  of  the  electrodynamic  and  viscous  forces,  M  =  b/a^T" = 
=  (Bj^/c)^o/q  Is  the  Hartmann  number.  Cl  Is  the  angular  velocity  of 
the  diurnal  rotation  of  the  earth,  qj  Is  the  geographic  latitude,  q  Is 
the  dynamic  tvu*bulent  viscosity,  and  v  =  q/p.  The  upper  sign  pertains 
to  the  northern  hemisphere  and  the  lower  one  to  the  southern.  The  Hart¬ 
mann  number,  which  characterizes  the  Influence  of  the  magnetic  field 
on  the  motion,  has  a  particularly  simple  physical  m.eaning  In  the  case 
of  a  gas.  Using  the  formulas  of  kinetic  theory  -  nmv  t,  c  -  ne'^t/m, 
we  obtain  M  ~  ^/r,  where  r  =  mcv/eH  Is  the  torsion  radius  In  the  mag¬ 
netic  field. 

Equation  (1)  with  boundary  conditions 


has  a  solution 


(5) 
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U=  -^r—. ,  2a  arcclg  M*. 

'<1*1 

t* 4- /f »  ==  j t j =  )'P  +  /2a*.  »'>0,  *">0.  (6) 

With  exception  of  the  direct  vicinity  of  the  equator  (l.e. ,  when  < 

<  9q  =  oB^2fic^p  -  10”®  for  o  =  4*10^®  and  =  0.1  oersted  on  the 
equator),  we  have  M  «  1  and  the  Influence  of  the  magnetic  field  on 
the  velocity  is  negligibly  small.  In  this  case  (5)  goes  over  Into  the 
Elonan  solution  [1]: 

£7,=.-^=.  -  •  (7) 

T,a/2 

The  velocity  vector  on  the  surface  Is  turned  45°  to  the  right  (in  the 
southern  hemisphere  —  to  the  left)  relative  to  the  wind  and  at  Increas¬ 
ing  depths  It  turns  to  the  right  (In  the  southern  hemisphere  —  to  the 
left),  exponentially  decreasing  in  magnitude.  The  Influence  of  the  mag¬ 
netic  field  on  the  flow  can  exist  formally  on  the  equator  In  those  re¬ 
gions  where  B_  0.  According  to  (6),  a  -♦  0  when  (p  -►  0,  B„  0,  l.e.. 

In  the  presence  of  a  vertical  magnetic  field  component  on  the  equator, 
the  velocity  of  flow  on  the  surface  Is  directed  along  the  wind  even  In 
the  deep  sea.*  As  is  well  known.  In  ordinary  hydrodynamics  one  arrives 
at  this  qualitative  result  by  taking  into  account  the  finite  depth  of 
the  sea. 

Drift  flow  leads  to  the  occurrence  of  an  additional  horizontal 

magnetic  field  (2),  and  also  of  a  current 

J,  =  0.  +  jgj 

and  a  vertical  electric  field 

£,==— B\Jc,  £,  =  £,  =  0. 

Knowing  the  velocity  w,  we  obtain  the  magnetic  field  from  Eq.  (2) 

(9) 

where  B^  is  the  limiting  value  of  the  field  at  z  —  +od,  which  we  Iden- 
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tlfy  with  the  vinperturbed  value  of  the  horizontal  component  of  the 
earth's  magnetic  field  at  z  »  0. 

For  the  magnetic  field  generated  by  the  current  (7)»  we  obtain 

(10) 

where 

(11) 

This  solution  Is  the  first  term  In  the  expansion  of  the  exact  so¬ 
lution  (9)  In  powers  of  the  small  Hartmann  number. 

Thus,  In  wind  cvirrents  there  arises  an  additional  horizontal  mag¬ 
netic  field  (10)  on  top  of  the  earth's  constant  magnetic  field.  The 
field  vector  on  the  surface  of  the  sea  is  turned  90®  to  the  right  (In 
the  southern  hemisphere  —  to  the  left)  relative  to  the  wind  direction 

and  45®  relative  to  the  velocity  direction  when  B_  >  0.  With  increasing 

ss 

depth,  the  field  vector  rotates  together  with  the  velocity  vector,  de¬ 
creasing  exponentially  in  magnitude  with  the  same  period  of  the  damping 
constaint. 

Depending  on  the  wind  force,  Hq  has  aui  order  of  O-l-lOy,  which  Is 
comparable  with  the  amplitude  of  the  diurnal  variations  of  the  earth's 
magnetic  field  (thus,  we  have  Uq  ~  20  cra/sec  even  at  a  wind  velocity 
6  m/sec);  In  medium  latitude  Hq  ~  O.ly  (y  =  10“^  oersted). 

The  estimate  H  -  47rovQlQBQ/c^,  which  is  similar  to  (11),  holds 
true  In  all  problems  where  the  variation  of  T  and  if  In  only  one  direc¬ 
tion  Is  significant,  and  where  Vq  and  1q  are  the  characteristic  vel¬ 
ocity  and  scale  of  motion;  this  estimate  Is  applicable,  of  course,  not 
only  to  drift  cxirrents.  For  fast  large  scale  cxirrents,  the  additional 
magnetic  field  may  reach  tens  or  even  hundreds  of  gammas. 

3.  LOW-FREQUENCY  OSCILLATIONS 

Hagnetohydrodynamlc  effects  manifest  themselves  also  In  large  . 
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scale  low-frequency  oscillations.  Inasnuch  as  the  detailed  paper  by 
Banos  [2]  does  not  Include  the  Halting  case  of  Interest  to  us,  that 

p  p 

of  the  frequencies  -  w  =  Attos  /c  ,  we  shall  briefly  dwell  on  a 
derivation  of  the  dispersion  relations.  For  plane  waves  (-exp  l(kr  — 

—  tut),  neglecting  the  displacement  current,  all  the  quantities  are  con¬ 
veniently  expressed  In  terms  of  the  ciui’rent  T  1*7  means  of  the  chain  of 
formulas 


(12) 

^  /  B  tk  * 

Here  ^  Is  the  velocity  of  sound  In  the  sea,  ^  Is  the  earth's  magnetic 
field,  T,  p*,  p',  hT  are  the  amplitudes  of  the  velocity,  pressure, 
density,  and  electromagnetic  field  in  the  wave.  The  equations  for  the 
current,  expressed  in  a  coordinate  system  fixed  in  the  wave, 

<«> 

p  p  p  OP/* 

have  the  following  form  (J^  =  0,  g  =  u  k  /a>  ,  a  =  c  k  /47raw,  u  — 

=  B/ ^^TTp  Is  the  Alfven  velocity); 

(I  +  'a — g  cos*  e)  ==  0.  ( j 

/c'd+fa— g  — gtsin*e)=0.  (15) 

from  which  follow  the  dispersion  equations  which  we  give  for  to  »  = 

p  p  n  p 

=  ^TTOu  /c  -  10*  cycles  per  second  for  the  sea). 

The  oscillations  which  correspond  at  a  =  <»  to  Alfven  waves  (J^  ^ 
^  O)  and  to  a  slow  magnetic  sound  wave  (j^^  7^  0),  do  not  propagate  In 
the  ocean  and  attenuate  within  the  ordinary  skin  depth,  following  a 

p  p  p 

dispersion  law  kVw  =  ±c  u/Una.  Modified  so\uid  (fast  magnetic  soiind 


wave  at  0  =  co)  corresponds  to  a  dispersion  law 

**  _  I  /,  a*  sin*0  \  ,  1* 

0.0 

We  shall  call  this  wave  fron  now  on  a  sound  wave.  For  the  sea  u  /s  - 

-10-12. 

4.  INFRASONIC  WAVES 

It  Is  seen  from  (l6)  and  (17)  that  the  most  Interesting  frequency 
region  Is  o)  <  u.,  where  u  Is  the  frequency  at  which  the  wavelength  of 

woo 

the  sound  becomes  eqtial  to  the  length  of  the  electromagnetic  wave  In 
sea  water.* 

When  a  =  4*lol®  we  have  «^27r  =  2  cps.  The  magnitudes  of  the 
fields  In  the  Infrasonlc  wave  are 


B  Ml 


t..*i 


When  (*)  »  ci)_  we  have  E  -  IQ-l^p*,  H  ~  10“l®p'  (In  COS  units).  The  flux 
of  electromagnetic  energy  T  is  connected  with  the  flux  T  of  acoustic 
energy  In  the  wave  by  the  relation 

S-  1  (18) 

From  (16)  we  obtain  for  the  coefficient  of  absorption  of  Infra- 
sound  due  to  conductivity  in  the  magnetic  field  (induction  absorption); 


When  u  <  Cl)  this  damping  is  of  the  same  order  of  magnitude  as  the  damp- 

w  S 

Ing  due  to  molecular  viscosity.  The  damping  coefficient  la  anisotropic. 
Unique  phenomena  should  occur  on  the  Interface  (the  surface  of 
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the  sea).  When  Infrasound  Is  Incident  on  the  surface  of  the  sea,  there 
Is  produced  not  only  reflected  and  refracted  sound,  but  also  a  damped 
Alfven  wave,  a  slow  magnetic  sotmd  wave  In  the  ocean,  and  an  electro¬ 
magnetic  wave  above  the  ocean.  All  these  waves  occur  also  when  electro¬ 
magnetic  waves  are  incident  on  the  Interface  (a  total  of  six  outgoing 
waves).* 

It  follows  from  Snell's  law  that  when  the  sotmd  wave  from  the  sea 
has  an  angle  of  incidence  a  >  s/c  -  lO"^,  the  electromagnetic  waves  . 
arising  above  the  sea  have  a  svirface  character  with  a  damping  depth 

I  X 

/mftjL  ™  2.1  sin  o  *  . 

where  X  is  the  length  of  the  sound  wave  in  sea  water.  The  electromag¬ 
netic  wave  propagates  along  the  surface  with  a  velocity  equal  to  the 
horizontal  component  of  the  velocity  of  sotmd  in  water. 
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[Footnotes] 

The  contents  of  the  paper  were  published  in  DAN  SSSR,  137, 

3,  576,  1961. 

It  is  obvious,  however,  that  with  decrease  in  the  horizontal 
component  of  the  Coriolis  force,  other  nonelectromagnetlc 
forces  come  into  play,  as  well  as  the  Inhomogeneity  in  the 
horizontal  plane,  so  that  the  analysis  given  here  is  not 
suitable. 

Accordingly,  when  u  =  the  Alfven  wavelength  and  the  length 
of  the  electromagnetic  wave  in  the  sea  are  equal. 
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[Footnotes  (Continued)] 


For  a  discussion  of  this  problem  see  the  article  by  A 
yuk  and  the  author  In  ZhETF,  bl,  4,  1195*  1961. 
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HYDROMAGNETIC  TURBULENCE  IN  THE  IONOSPHERE 

'4 

'  Ye. A.  Novikov 

Moscow 

Turbulent  motions  of  the  conducting  gas  of  the  Ionosphere  Induce 
In  the  earth's  magnetic  field  electromagnetic  fields,  currents,  and 
polarization  charges.  Because  of  the  relatively  large  Intensity  of  the 
magnetic  field,  ~0.5  gauss,  the  ponderomotlve  force  acting  on  "the  In¬ 
duced  currents  may  noticeably  Influence  the  motion  of  the  gas  (partic¬ 
ularly  In  the  upper  layers  of  the  ionosphere). 

The  conductivity  of  the  Ionosphere  is  sufficiently  large  to  be 
able  to  neglect,  in  the  case  of  hydrodynamic  frequencies,  the  displace¬ 
ment  cxirrent  and  the  free  charges.  The  corresponding  condition  has  the 
form 

4r.»j_»e'Av-‘*,  (1) 

where  Is  the  conductivity  transversely  to  the  earth’s  magnetic  field, 
e  Is  the  dissipation  of  kinetic  energy  per  unit  mass,  and  v  is  the  kin¬ 
ematic  viscosity.  On  the  left  side  of  (l)  is  the  characteristic  recip¬ 
rocal  relaxation  time  of  the  electric  field  and  of  the  free  charges, 
while  on  the  right  side  Is  the  highest  frequency  of  the  hydrodynamic 
motions,  corresponding  to  the  Internal  turbulence  scale  [Ij.  At  the 
same  time,  the  magnetohydrodynamics  of  the  ionosphere  can  be  considered 
also  in  the  poor-conductivity  approximation: 

.  =  (2) 

where  Is  the  effective  magnetic  Reynolds  mmber,  is  the  effec¬ 
tive  conductivity  {17)»  Y  and  1  axe  the  velocity  amd  scale  of  motion, 
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and  c  Is  the  velocity  of  light.  Under  Condition  (2),  we  can  neglect 
the  vortical  part  of  the  electric  field  ccnpared  with  the  potential 
field  produced  by  the  polarization  charges,  and  the  fluctuations  of 
the  magnetic  field  H'  cong)ared  with  the  main  field  Hq  [see  Formula 
(22)].  Condition  (2)  becomes  most  stringent  for  large  scale  motions  in 
the  upper  layers  of  the  ionosphere.  An*  analysis  of  Ionospheric  data 
shows  that  (2)  Is  satisfied  In  the  "D"  and  "E"  layers.  In  the  "P"  layer 
(starting  at  200  km  and  above)  this  condition  may,  generally  speaking, 
be  violated  for  eddies  with  horizontal  scales  having  hundreds  of  kil¬ 
ometers.* 

Subject  to  Assumptions  (1-2),  the  system  of  equations  relating 
the  various  electromagnetic  q^ntltles  with  the  velocity  field  has  the 
form 


(4) 

A?.  •  (5) 

F=/foC-'t7rtJ.  (6) 

=  +  <»i)(«V7)*,  (7) 

xotH'  =  4xe-*J,  (8) 

divH'  —  O. 

9J.A?  +  (<»a—  («V)^<F  ==  {div  V—  [7s7)  (no)}  + 

+  («  rot  o).  (10) 


Here  J  and  are  the  current  and  charge  densities,  rT  Is  a  unit  vector 
In  the  direction  of  the  main  magnetic  field,  ^  and  i?  are  the  Intensity 
and  potential  of  the  electric  field,  T  and  are  the  electromagnetic 
force  and  the  energy  dissipation  (the  latter  per  \inlt  mass  of  the  gas), 
V  and  p  are  the  velocity  and  density  of  the  gas,  while  a  and  a„  are 
the  longitudinal  and  Hall  conductivities.**  Equation  (10)  Is  obtained 
by  substituting  (3)  Into  the  equation  div  T  =  0,  which  follows  from 
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(8)  (for  the  sake  of  slnpllclty,  the  conductivity  coefficients  are  as- 
suoed  constant). 

So  long  as  the  Influence  of  the  magnetic  field  on  the  motion  is 
Insignificant  (Criterion  (25)),  we  can  assxime  the  turbulent  velocity 
field  to  be  locally  isotropic.  Assuming  In  addition  Incompressibility, 
we  can  obtain  fX*om  (3-10)  the  relations  between  the  one-dimensional 
spectral  densities:* 


4(p)=(^)*4(p)- 

(11) 

(12) 

(13) 

(14) 

lirW=(^IAp). 

(15) 

(16) 

(p  Is  the  wave  number).  The  upper  lines  in  (11-14)  correspond  to  iso¬ 
tropic  conductivity  (Ojj  »  =  o  »  and  the  lovier  ones  correspond 

to  strong  anisotropy  (a^j  »  latter  case  takes  place  In 

the  Ionosphere,  starting  with  85  km  and  above,  where  the  electron  col¬ 
lision  frequency  [3]  becomes  much  smaller  than  the  Larmor  rotation  fre¬ 
quency  In  the  magnetic  field-  In  the  transition  layer  55-85  km  (from 
Isotropy  to  anisotropy  of  the  conductivity),  the  coefficients  In  the 
formulas  become-more  coirpllcated.  Ve  can  draw  the  following  qualitative 
conclusions  from  (II-I6):  1)  the  electric  field,  the  currents,  amd  the 
electromagnetic  force  are  enclosed  within  the  same  scales  as  the  vel¬ 
ocity,  2)  the  maignetlc  field  has  a  larger  scale,  3)  the  polarization 
charge  has  a  smaller  scale  (more  accurately.  It  Is  enclosed  In  the 
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same  scales  as  the  velocity  vortex),  k)  the  electromagnetic  dissipation 
of  energy,  unlike  the  viscous  dissipation,  occurs  within  the  scales  of 
the  main  motion.  From  (ll)  and  (12)  we  determine  the  effective  conduc¬ 
tivity  coefficient 

(*+| — 

*  *  ®J.V*i  ®j.  * 

which  characterizes  the  ratio  of  current  density  to  the  electric  field 
Intensity  In  the  turbulent  stream  of  an  anlsotroplcally  conducting  gas 
(the  second  term  In  the  round  brackets  Is  small  above  the  "£"  layer, 
and  the  sides  =  V (11-15)  we  determine  the  characteris¬ 
tic  values'  of  the  different  quantities 


£»-J 

fer''- 

(18) 

-)Vv. 

(19) 

v=*  1^*1 + 

(20) 

rto®! 

(21) 

(22) 

The  density  of  the  polaurlzatlon  charge,  which  like  the  velocity  vortex 
Is  enclosed  within  scales  on  the  order  of  the  Internal  tiirbulence  scale 
1  =  [1],  can  be  related  with  e.  We  have; 


4r. = 


(23) 


In  experiments  on  the  scattering  of  radio  waves  by  meteor  trails  [4] 
at  altitudes  80-100  km,  the  mean  square  value  of  the  tiirbulent  velocity 


< 


was  found  to  te  -25  neters  per  second.  Cubstltutlng  this  value  in 
(18-21)  and  putting  Hq  «  C.5  gauss,  ajj  »  9*1C^  sec"^,  1.3*1^^ 

sec“\  and  «  2.9*10^  sec“^*  [5],  we  obtain 

E  »  2.^»-10"^  v/cn,  J  »  7‘IC'^^  anp/ca^,  F  «  2*10"^2  dyn/cra?, 

Ejjj  »  0.3  erg/g-sec. 

If  we  choose  for  the  scale  1  the  external  horizontal  turbulence  scale 
-150  kn  [4],  then  we  get  frca  (22)  H‘  »  1.3*10"^  gauss.**  In  the  same 
paper  a  value  £  -  IC^  erg/g-sec  was  obtained,  and  fron  this,  putting 
V  »  2.4*10^  ca^/sec  [2]  we  obtain  fron  (23)  “  2*10"^^  COS 

esu/cr^,  while  for  the  characteristic  space  charge  we  obtain  Q  » 
a  (Tg)^^^io^  *  1.5*10“^  CGS  esu.  Tne  value  obtained  for  Jls  coapar- 
able  with  the  density  of  the  current  due  to  the  tidal  notions  and  pro¬ 
ducing  the  diurnal  variations  of  the  nagnetic  field  at  the  earth’s  sur¬ 
face.  However,  the  turbulent  currents,  Tmllke  the  tidal  current,  are 
randon  and  when  su^rlnposed  on  one  another  do  not  produce  so  notice¬ 
able  fluctuations  of  the  nagnetic  field  at  the  earth’s  surface.  As  re¬ 
gards  the  fluct-uations  of  H’  In  the  ionosphere,  they  out  to  be 

sufficiently  large  to  be  able  to  use  then  as  an  Indicator  of  the  tur¬ 
bulent  notions  at  high  altitudes.  The  polarization  charges  ar-e  rela¬ 
tively  snail  and  do  not  lead  to  noticeable  fluctuations  of  the 
electron  density.  However,  the  presence  of  polarization  charges  plays 
an  inpcrtant  role  in  ohe  fomation  of  the  t^nrhulent  cncrents.  It  ^0 
be  shown  that  the  contribution  of  the  field  —To  to  the  nean  so’uar^. 
value  of  the  current  is  of  the  sane  order  of  nagnitude  as  the  contribu¬ 
tion  of  the  ’’dynano  field''  HqC"^[v,  n]. 

In  the  inertial  Interval  of  wave  nunbers,  the  spectral  dens it/  of 
the  kinetic  energy  is  described  by  the  followlr^g  fornula  [6]: 


2  4  (a) 


O 


where  a  is  a  constant  on  the  order  of  unity.  Substituting  (24)  In 
(11-16),  we  can  obtain  the  spectral  density  of  all  the  qmntltles  of 
Interest  to  us  (the  corresponding  formula  for  l^,(p)  in  the  case  of 
Isotropic  conductivity  was  derived  earlier  [7l)» 

In  order  to  estimate  the  Influence  of  the  earth's  magnetic  field 
on  the  turbulent  motion,  let  us  determine  the  order  of  magnitude  of 
the  ratio  of  the  electromagnetic  force  (20)  to  the  Inertial  force 
p(vV)v  In  the  equation  of  motion 

(25) 


iv  =.5c  <• 


V 

““T* 


The  ratio  of  the  electromagnetic  force  to  the  viscous  force  qAv  deter¬ 
mines  the  dimensionless  parameter 

‘■-wf  I-  '  (=«) 

which  Is  a  generalization  of  the  Hartmann  nxanber  to  include  the  case 
of  anisotropic  conductivity.  The  ratio  of  the  electromagnetic  energy 
dissipation  (21)  to  the  viscous  dissipation,  which  we  denote  M^,  dif¬ 
fers  from  (26)  in  that  is  replaced  by  o^.  From  (25)  we  see  that  the 
magnetic  field  exerts  an  influence  primarily  on  the  low-frequency  mo¬ 
tions,  and  consequently  on  the  large  scale  motions.  An  analysis  of  the 
Ionospheric  data  shows  that  in  the  "D"  and  ”S"  layers  the  influence  of 
the  mcignetic  field  on  the  turbulent  notion  can  certainly  be  neglected. 
At  an  altitude  of  ~150  km,  the  magnetic  field  may  exert  an  Influence 
on  the  large  scale  eddies  with  horizontal  scales  amounting  to  hundreds 
of  kilometers.  We  note  that  If  we  assume  at  this  altitude  e  *  10^ 
ergs/g-sec  (the  sane  as  at  altitudes  8O-ICO  km  [4]),  then  the  internal 
turbulence  scale  is  found  to  be  -3  loa,  which  is  merely  one  order  of 
magnitude  smaller  than  the  "height  of  the  homogeneous  atmosphere," 
which  is  -38  tea  [2].  Consequently,  the  turbulence  cannot  be  highly  de- 
velojjed.  At  an  altitude  -250  km,  the  scale  in  which  the  electromagnetic 
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forces  becone  equal  to  the  Inertial  forces  Is  of  the  same  order  of  nag- 
nltude  as  the  Internal  turbulence  scale.  This  means  that  the  Inertial 
forces  cease  to  play  any  role  whatever.  Consequently,  at  these  alti¬ 
tudes  no  turbulence  In  the  ordinary  sense  can  arise,  since  the  dynamics 
equations  become  linear  with  respect  to  the  velocity.  Random  motions 
In  the  upper  layer  of  the  Ionospheres  are  apparently  In  the  nature  of 
oscillations. 

A  more  detailed  paper  will  be  published. 

^  conclusion  1  express  my  sincere  gratitude  to  A.S.  Monln  for' 
valuable  remarks  made  by  him  during  the  course  of  an  evaliiatlon  of  the 
present  research. 
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[Footnotes] 


The  vertical  scales  of  the  eddies  are  limited  to  the  "height 
of  the  homogeneous  atmosphere"  RT/pg,  which  is  of  the  order 
of  50  km  In  the  "P"  layer  [2]. 

The  coefficients  of  conductivity  are  proportional  to  the 
electron  density  and  depend  on  the  frequencies  of  collision 
between  the  electrons  or  Ions  with  the  molecules  or  with 
each  other. 
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(Footnotes  (Continued)] 


The  three-dimensional  spectral  functions  of  the  electromag¬ 
netic  quantities  display  an  essential  anisotropy,  connected 

with  the  preferred  direction  rT  and  with  the  anisotropy  of 
the  conductivity. 

Factors  of  the  order  of  unity  have  been  left  out  In  the 
lower  lines  of  (11)  and  (l4). 

The  assxuned  values  of  Oj  ,  o^,  Ojj,  and  v  (see  below)  corres¬ 
pond  to  a  height  of  100  km  (lower  limit  of  the  "E"  layer). 

We  note  that  the  large  scale  turbulent  motion  Is  anisotropic 
(see  the  remark  on  page  170),  so  that  our  estimates,  which 
are  based  on  the  assumption  of  local  Isotropy,  are  tentative 
In  character. 
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CHARACTER  OP' TURBULENCE  IN  SOLAR  WIND 

L.  X.  Dorman 
Moscow 

1.  It  Is  known  that  with  increasing  solau?  activity  the  Intensity 
of  the  cosmic  rays  on  earth  decrease,  and  the  so-called  "knee"  of  the 
latitude  effect  shifts  toward  the  lower  latitudes.  As  the  minimum  of 
solar  activity  Is  approached,  the  Intensity  of  the  cosmic  rays  reaches 
a  maximum  value,  and  the  "knee"  approaches  the  geomagnetic  poles.  The 
amplitude  of  the  11-year  variations  (with  period  of  about  11  years, 
equal  to  the  period  of  variation  of  the  solar  activity)  reaches  large 
values:  about  656  In  the  muon  component  and  about  25^  in  the  neutron 
component  at  sea  level.  In  the  case  of  measiirements  In  the  stratosphere, 
these  variations  are  even  larger;  at  a  height  of  30  km,  the  Intensity 
of  the  powerful  ionizing  component  changes  by  a  factor  of  two,  and  the 
nimiber  of  particles  at  this  altitude  changes  by  almost  four  times.  Us¬ 
ing  the  data  obtained  by  the  International  Network  of  Cosmic  Ray  Sta¬ 
tions,  by  the  method  of  coupling  coefficients  [1,  Chapter  IV],  it  is 
possible  to  find  the  energy  spectrum  of  the  primary  11-year  variations. 
This  spectrum  has  the  following  form  [2]:  the  particles  with  low  ener¬ 
gies  (less  than  several  Bev)  are  practically  completely  lacking  in  the 
maximum  of  solar  activity,  compared  with  the  flux  in  the  minimum  of 
the  activity;  the  degree  of  absence  of  high  energy  particles  decreases 
rapidly  with  increasing  particle  energy;  the  flux  of  the  particles 
with  energy  >100  Bev  remains  practically  constamt. 

An  investigation  of  the  11-year  variations  is  of  exceptional  in- 
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terest,  since  they  are  connected  with  the  electronagnetlc  properties 
of  Interplanetary  medium. 

2.  Many  of  the  hypotheses  discussed  In  the  literature  concerning 
the  origin  of  the  11-year  variations  meet  with  serious  difficulties. 

The  most  promising  Is  the  hypothesis  of  Parlcer  [3l  concerning  the  so- 
called  solar  wind.  Streams  of  magnetized  plasma,  ejected  from  the  sun, 
are  slowed  down  by  the  Interplanetary  medium  and  drag  the  latter  as 
they  move.  A  radial  "wind"  made  up  of  magnetic  field  inhomogeneltles 
la  produced.  Ihe  cosmic  rays  come  to  the  earth  from  the  galaxy  as  the 
result  of  diffusion  by  scattering  on  the  Inhomogeneltles  of  the  mag¬ 
netic  field.  This  is  hindered  by  the  convection  transport  due  to  the 
particle  drift  resulting  from  the  motion  of  the  scattering  Inhomogene¬ 
ltles,  which  is  directed  away  from  the  sun.  The  stationary  state  Is 
established  as  a  result  of  the  equality  of  both  fluxes.  Thus,  for  a 
definite  "wind"  geometry  and  for  definite  values  of  Its  radial  velocity 
and  diffusion  coefficient  k  =  vX/3  (where  v  is  the  particle  velocity 
and  X  Is  the  mean  free  path  for  scattering  on  the  inhomogeneltles)  it 
Is  easy  to  determine  the  difference  between  the  cosmic  ray  Intensity 
on  Earth  as  compared  with  the  Intensity  in  the  galaxy  In  the  vicinity 
of  the  solar  system  (see  [3,  Inasmuch  as  v  and  X  depend  on  the 

particle  energy,  the  expected  variation  6(D£)/D(e)  will  also  have  a 
definite  energy  spectinim.  Parker  [3]  suggested  that  the  scattering  Is 
by  field  Inhomogeneltles  measuring  -2-10^^  cm,  in  which  magnetic  field 
of  intensity  H  -  2*10”^  Oe  are  frozen  In.  Such  an  assumption  leads  to 
a  spectrum  that  aigrees  with  the  experimental  data  only  In  the  region 
of  rather  small  energies  (<2-3  Bev).  In  the  region  of  energies  on  the 
order  of  ten  or  several  times  ten  Bev,  the  spectrum  obtained  in  [3] 
differs  appreciably,  by  a  factor  of  several  times  ten,  from  that  ob¬ 
tained  In  [2]  from  the  experimental  data.  It  was  shown  In  (^]  that  no. 
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chaxige  In  the  parameters  e-Tiployed  by  Parker  (field  Intensity,  velocity 
and  geometry  of  the  wind,  dimension  of  the  Inhomogeneltles)  will  lead 
to  agreement  with  experiment  simultaneously  over  the  entire  energy  In¬ 
terval  (for  example.  It  Is  possible  to  choose  the  parameters  such  as 
to  agree  with  experiment  In  the  region  of  large  energies,  but  then  an 
appreciable  discrepancy  with  ejqperlment  occurs  In  the  region  of  mod¬ 
erate  and  lew  energies,  etc.)* 

3.  llie  only  way  out  of  this  situation  (If  we  retain  the  notion  of 
the  solar  wind  of  magnetic  Inhomogeneltles)  Is  to  assume  that  there 
exists  not  one  characteristic  dimension  of  the  magnetic  field  Inhomo- 
geneltles,  but  a  whole  spectrum  with  dimensions  ranging  from  a  certain 
minimum  value  1^^^  to  a  maximum  one  1^^^.  Then  for  particles  with 
charge  ze  and  momentum  £,  for  which  the  radius  of  ctirvature  Is  p  = 

=  cp/zeH  (In  the  Interplanetary  magnetic  field  H)  contained  In  the 
range  from  1^.,^,  to  1^^^,  the  mean  free  path  for  scattering  X  will  be 
proportional  to  p,  l.e.,  proportional  to  cp.  Indeed,  scattering. by 
small  Inhomogeneltles  with  dimensions  1  «  p  yields  a  mean  free  path 
X  -  pVi  »  p,  while  scattering  by  very  large  inhomogeneltles  with 
1  »  P  gives  a  mean  free  path  X  -  1,  also  much  larger  than  p,  l.e., 
scattering  on  such  inhomogeneltles  will  be  much  less  effective  than 
scattering  on  Inhomogeneltles  with  1  ~  p,  when  X  -  p.  Thus,  in  the 
presence  of  such  a  spectrum  for  the  inhomogeneltles  of  the  magnetic 
field,  the  diffusion  coefficient  will  be  proportional  to  the  energy, 
up  to  energies  of  the  particles  with  p  ~  1^^^,  while  for  particles 
with  p  >  1„,^  the  diffusion  coefficient  will  be  proportional  to  o^/l  , 
l.e.,  to  the  square  of  the  energy.  This  deduction  Is  in  good  agreement 
with  the  experimental  data  concerning  the  spectrum  of  the  11-year  vari¬ 
ations.  In  this  case,  to  obtain  agreement  over  the  entire  region  of 
the  spectra.  It  Is  necessary  to  assume  that  the  minimum  dimension  of 


the  Inhoiaogeneltles  Is  ~  era,  while  the  raaxlinura  Is  ■* 

-10^^  cm.  ' 

The  presence  of  magnetic  field  Inhoraogeneltles  of  this  type  Is 
confirmed  also  by  an  analysis  of  the  variation  of  the  solar-dlurnal 
variations  with  the  solar  activity,  as  obtained  by  data  gathered  with 
crossed  cosmic  ray  telescopes. 
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PLOW  AROUND  MAGNETIC  INHOMOGENEITIES 

A.P.  Kazantsev 
Novosibirsk 

In  the  present  communication  we  consider  certain  problems  con¬ 
nected  with  the  flow  of  an  ideally  conducting  Incompressible  liquid 
around  maignetlc  sources.  In  this  case  [1-3]  the  space  Is  broken  up 
into  several  regions,  occupied  either  by  the  liquid  or  by  the  magnetic 
field.  The  regions  located  near  the  singularities  of  the  magnetic 
field  and  free  of  liquid  will  be  called,  as  Is  customary  In  hydrody¬ 
namics,  cavities. •It  Is  obvious  that  on  the  boundary  of  the  cavity  the 
magnetic  pressure  should  be  balanced  by  the  pressure  of  the  liq¬ 

uid.  Assximlng  the  flow  of  the  liquid  to  be  potential,  the  condition 
for  the  equilibrium  In  the  case  of  stationary  flow  can  be  written  with 
the  aid  of  the  Bernoulli  integral  In  the  following  fashion 

The  problem  consists  of  determining  the  boundary  of  the  cavity,  assum¬ 
ing  that  the  sources  of  the  magnetic  field  are  known. 

1.  An  exact  solution  of  the  problem  is  possible  only  in  a  few 
very  simple  cases.  For  example,  one  can  point  out  cases  when  the  boxind- 
ary  of  the  cavity  Is  made  up  of  second  order  cxirves  (only  plane  prob¬ 
lems  are  considered).  Thus,  In  the  case  of  flow  around  a  seml-lnflnlte 
current  carrying  plate  located  along  the  Incoming  stream  (Fig.  1,  the 
magnetic  force  lines  are  shown  dashed),  the  boundary  of  the  cavity 
will  be  a  parabola  If  p^  =  0.  The  end  of  the  plate  Is  in  this  case  lo- 
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cated  at  the  focus  of  the  parabola 

(y/2a)*=.jf/a+l.  a=^  4^^' 

Here  a  characterizes  the  singularity  of  the  magnetic  field  near  the 
end  of  the  plate  ~  ®  also  be  shown  that  In  the 

case  of  flow  around  a  current  carrying  plate  of  finite  width,  the 
botuidary  of  the  cavity  la  an  ellipse,  provided  a  certain  connection 
exists  between  the  current  and  the  width  of  the  plane,  resulting  from 
the  requirement  that  the  plate  lie  on  the  section  line  of  the  ellipse. 


Pig.  1  Pig.  2 


2.  In  principle  one  can  always  write  out,  using  the  generalized 
Klrchhoff  method  [4],  an  exact  system  of  ecjuatlons  for  the  cavity 
boundary.  However,  an  exact  solution  of  the  system  Is  possible  only  in 
those  cases  when  the  cavity  boundairy  does  not  deviate  greatly  from  a 

O 

known  one.  This  occurs  when  either  the  hydrodynamic  pressure. pv/2  or 
the  magnetic  pressure  cam  be  regarded  as  a  perturbation.  Let  us  con¬ 
sider  two  examples  using  Kirchhoff's  method,  namely  the  flew  around  a 
linear  current  and  the  scattering  of  a  Jet  by  a  linear  exorrent.  In  the 
former  case  the  streamline  pattern  Is  naturally  assumed  to  be  symmet¬ 
rical  about  the  x  and  2  axes  (Pig.  2).  What  would  be  In  this  case  the 
exact  system  of  equations  describing  the  flow  of  liquid,  the  magnetic 
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field,  and  the  cavity  boundary?  We  Introduce,  as  is  customary,  the  com¬ 
plex  potentials  for  the  liquid,  and  for  the  magnetic  field 

Wg  =  WgCzg),  so  that  -  IVy  =  dw^/Az^  and  -  11^  =  dWg/dZg. 

As  Is  well  knovm  from  hydrodynamics  [4],  It  Is  more  convenient  to 
assume  in  problems  of  this  type  that  the  velocity  v(zj^)  and  the  mag¬ 
netic  field  HCzg)  are  functions  of  their  conqplex  potentials.  We  first 
map  conformally  the  space  outside  the  cavity  on  the  outside  area  of 
the  rult  circle  >  1,  and  the  Inside  of  the  cavity  on  the  Inside 
of  the  circle  l^gl  <  so  that  the  origin  goes  over  Into  the  center 
of  the  circle. 

We  then  can  write  for  the  potentials  the  following  expressions 

+  and  »j=2//In5j. 

Here  X  Is  a  certain  constant  to  be  determined,  and  I  is  the  strength 
of  the  current  flowing  through  the  conductor. 

We  shall  seek  vCC^)  and  HC^g)  in  the  following  form 

We  put  also  and  Then  the  condition  (1) 

for  mechanical  equilibrium  is  written  in  the  form 

Recognizing  that  the  direction  of  the  velocity  on  the  boundary  elti.er 
coincides  with  the  direction  of  the  magnetic  field  or  opposes  it,  v.e 
can  write  with  the  aid  of  (3) 

Vi(T|)  — ti  =  V2(T,)— T*.  (5) 

Finally,  it  must  be  taken  into  consideration  that  the  "events"  occur 
at  one  point  of  the  boundary  (dz^^  =  dWj^/v  =  dZg  =  dWg/H): 

=  (6) 

f  PeD 

Thus,  we  obtain  a  system  of  eqijations  (4-6)  for  the  three  func- 


tlons  and  which  depend  on  Xg.  This  system  Is  readily  solved 

only  If  pv  can  be  regarded  as  small  (pv^  «  2p^).  Then  and  Wg  are 
small  quantities  and  the  equations  can  be  llneaurlzed.  In  the  first  ap- 

o 

proxlnatlon  In  pv^  the  cavity  has  the  form  of  an  ellipse  which  Is  elon¬ 
gated  In  the  transverse  direction,  something  that  la  physically  obvi¬ 
ous. 

In  the  case  of  llneeir  flow.  In  view  of  the  symmetry,  there  are  no 
forces  acting  on  the  linear  current.  -  . 

If  the  flow  Is  nonstationary  (for  example.  If  the  current  strength 
varies  with  the  time),  then  the  equilibrium  condition  on  the  cavity 
boxindary  has  the  form  ■ 

In  the  case  of  flow  aroimd  a  linear  current,  the  symmetry  with  respect 
to  the  X  axis  la  disturbed  and  a  force  P  (per  unit  length)  arises,  for 
which.  In  the  case  of  sufficiently  slow  variation  of  the  current 
strength  (jdX/dtlpv^^  «  we  can  obtain  the  following  expres¬ 

sion: 

P 

We  assume  as  tefore  that  pv  «  2p  • 

From  the  expression  for  F  we  see  that  as  the  current  strength  in¬ 
creases  a  braking  force  la  produced,  and  when  the  cxirrent  decreases  a 
moving  force  Is  produced.  The  reason  for  it  is  that  In  the  case  when 
the  current  Increases  the  rate  at  which  the  stream  arrives  on  the  left 
edge  of  the  cavity  (see  Fig.  2)  becomes  less  than  the  rate  on  the  . 
right  side,  the  pressure  on  the  left  edge  becomes  larger,  and  the  left 
edge  of  the  cavity  Is  located  closer  to  the  conductor  than  the  right 
edge.  ’When  the  current  strength  decreases,  the  opposite  picture  ob¬ 
tains. 


3«  In  the  scattering  of  a  flat  Jet  on  a  linear  current,  the 
streamline  pattern  can.  be  assumed  to  be  symmetrical  with  respect  to 
the  2  axis  (Fig.  3).  In  this  case  we  can  also  write  the  exact  system 
of  the  Klrchhoff  equations;  the  canonical  regions  In  this  case  will  be 
a  strip  for  the  liquid  and  a  half  plane  for  the  magnetic  field.  We 
confine  ourselves,  however,  to  the  scattering  of  a  Jet  In  small  angles, 
l.e.,  we  regard  the  magnetic  field  .as  a  perturbation 


itS* 


(here  S  Is  the  Impact  p^ameter). 


In  the  plaine  ^  mapped  on  the  plane  0  <  lia*  < 

<  1;  Is  the  width  of  the  jet  at  infinity.  We  seek  v(^),  as  before. 
In  the  form  v  =  (I  +  1“(C))*  Then  we  have  p.  =  0  when 

lin^  =  1  and  when  Im?  =  0  p.  is  determined  from  the  condition . (1)  (In 
this  case  we  must  put  p^  =  0) 

+  •  ^  =  ^'5-  (7) 

p 

In  the  first  approximation  In  I  ,  the  magnetic  field  coincides 
with  the  field  of  a  linear  current  near  a  flat  wall.  Further,  taklrg . 


Into  account  the  fact  that  the  angle  through  which  the  Jet  Is  scat¬ 
tered,  o.  Is  connected  with  v  (v  =  Rew)  by  the  slnple  relation 

o=iv(+oo)— v(— oo), 

we  obtain  with  the  aid  of  the  Schwartz  Integral  for  a  strip  [5] 
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CYLINDRICAL  EXPLOSION  AND  STRAIGHT  LINE  DISCHARGE 
IN  AN  ELECTRICALLY  CONDUCTING  MEDIUN  WITH 
ACCOUNT  CP  THE  MAGNETIC  FIELD 

V.P.  Ebrobeynlkov 
Moscow  . 

The  problem  of  a  strong  polntllke  explosion  along  a  straight  line 
In  an  Infinitely  conducting  gas  will  be  considered  under  the  assump¬ 
tion  that  the  Initial  magnetic  field  has  the  following  components  In 
the  cylindrical  coordinate  ^rstem  r,  z: 

//n=0 

for  arbitrary  values  of  the  adiabatic  exponent  7: 

Nrt=const  fojT=2. 

The  component  H^  will  be  assumed  to  be  equal  to  zero  throughout. 

The  formulation  of  the  problem  of  a  strong  cylindrical  explosion 
differs  from  the  formulation  of  the  analogous  gasdynamlc  problem  [1] 
only  In  the  presence  of  the  magnetic  field  In  the  conditions  and  in 
the  equations  of  the  problem. 

The  gas  motion  arising  in  the  explosion  will  be  one  dimensional 
with  cylindrical  symmetry.  The  equations  necessary  for  the  mathematical 
description  of  such  motions  are  given  in  [2],  In  the  case  of  a  piire 
annular  magnetic  field  with  initial  distribution  Hip^^  =  kr“^  the  explo¬ 
sion  problem  Is  self -similar  and  reduces  to  the  integration  of  a  sys¬ 
tem  of  four  ordlnairy  differential  first-order  equations.  The  necessary 
boundary  conditions  of  the  problem  follow  from  the  need  of  satisfying 
the  conservation  laws  on  the  front  of  the  shock  wave  and  the  symmetry 
condition  on  the  explosion  axis.  The  system  of  differential  equations 


has  three  first  algebraic  Integrals  [3]:  the  adlabatlclty  integral, 
the  energy  integral,  and  the  freezing-in  integral.  The  arbitrary  con- 
steints  contained  in  the  analytic  expression  for  the  Integrals  are  ob¬ 
tained  from  the  boiindary  conditions  on  the  front  of  the  shock  wave. 

•  • 

With  the  aid  of  the  Integrals  the  problem  reduces  to  an  investigation 
of  one  ordinary  differential  equation,  which  can  be  written  in  the  fol¬ 


lowing  form 


where 


acrU- 1)  »r, cy.  v) + ^  -  «/(V-o,5)»| + - 1)  v, 

■  ^  {V-OAyv,  :  ^  • 

Y,  «(V-0.5)  V-*  [l/Y  [av- 

=.  V(  V- 1)  {V-  0.5)  + 1/X-2V, 


r  is  the  radius,  t  the  time,  T  the  temperature,  v  the  velocity,  and  R 
the  gas  constant. 

We  shall  henceforth  designate  by  the  subscript  1  quantities  chau7- 
acterlzlrjg  the  xinpertxxrbed  state  of  the  gas,  and  by  the  subscript  2 
quantities  directly  behind  the  front  of  the  shock  wave.  Using  the  con¬ 
ditions  on  the  shock  wave,  we  obtain  the  dependence  of  yg  on  Vg  and  yi 

!I7' -Tft- ■)  [o.5''!  + (1  +  SV,)//.]. 

r  1  ■  1 

0,5V.[(0,5  -  r,)  ^ -0.5  V,] 

Prom  the  condition  velocity  of  the  shock  wave) 

smd  from  Eqs.  (2)  it  follows  that 

<».<“•  («.<■/.). 

We  note  that  in  the  gasdynaralc  problem  involving  a  polntllke  explosion 
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the  connection  bet;ireen  yg  and  Vg  for  a  fixed  value  of  y  was  represented 
on  the  Vg,  yg  plane  by  a  point,  whereas  In  the  problea  considered  here 
the  presence  of  the  magnetic  field  leads  to  a  yg(Vg)  dependence  given 
by  Relations  (2).  An  analysis  of  Eq.  (1)  shows  that  corresponding  to 
the  solution  of  the  strong  explosion  problem  In  the  V,  y  plane  are  in- 
•tegral  curves  starting  with  the  points  of  the  curve  y2(V2)  and  enter¬ 
ing  Into  the  singular  point  (0,  O)  tangent  to  the  abscissa  axis.  !Ihe 
integral  curves  obtained  numerically  for  the  cases 

i'*==0.3  v,=  14A  (t-2) 

>'*  =  0.3  •  if,  =  33,3  (r  =  5;3). 

are  shown  In  Fig.  1. 


0  oji  qjo  qiS 

Pig.  1 

Let  rg  be  the  radius  of  the  shock  wa’/e.  The  dependence  of  r/rg  =  X 
on  Y  Is  determined  either  by  quadrature  or  with  the  aid  of  first  In-. 


tesrals.  Then,  using  the  Integrals  and  the  very  slcple  transformations, 
we  obtain  the  dependences 

TJTf.  sv’ffj.  pfpt  ?/?!,  //J//^, 

on  X,  • 

For  the  dependences  PgCt)  and  D(t)  we  have 


where  a  Is  a  constant  determined  during  the  course  of  solving  the  prob- 
•lem  from  the  Integral  law  of  conservation  of  the  total  energy. 

Plots  of  the  variation  of  T/Tg,  v/vg,  p/pg,  and  with  In¬ 

creasing  X  are  shown  In  Fig.  2.  We  can  note  the  following  difference 
between  the  solution  obtained  here  and  the  solution  of  the  gasdynamlc 
problem: 

a)  the  intensity  of  the  shock  wave  Is  smaller  than  In  the  gasdy¬ 
namlc  case, 

b)  0,  and  near  the  center  -  1/r, 

c)  for  the  same  values  of  X,  the  speed  of  the  gas  Is  smaller  than 
In  the  gasdynamlc  case, 

d)  the  temperature  T  In  the  flow  region  decreases  when  account  is 
taken  of  the  Influence  of  the  magnetic  field. 

For  y  =  2  the  problem  can  be  readily  generalized  to  include  the 
case  of  a  helical  field  with  =  const. 

For  this  purpose  It  Is  sufficient  to  take 

P  =  Oy,  P  —  Py  —  P  =  Py  • 


where  the  quantities  marked  by  the  subscript  <p  correspond  to  the  prob¬ 
lem  considered  above,  with  =  0  and  y  =  2. 

This  follows  from  the  boundary  conditions  and  the  differential 
equations  imder  the  assumption  that  p«  +  /Srr  »  p,  +  /Bn. 

Zg 
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For  a  weak  axial  nagnetlc  field. 


ti'.e  problen  can  be  extended  to 
Include  the  case  of  finite  conductivity  of  the  medlun.  In  this  case  we 
cam  neglect  In  first  approxlmtlon  the  Influence  of  the  magnetic  field 
on  the  motion  of  the  gas  and  take  Into  account  the  Influence  of  the 
motion  on  the  Initial  field. 


0  US  to 


Pig.  2 


We  denote  the  Initial  magnetic  field  by  H_  ,  and  assume  the  con- 

zq 

ductlvlty  of  the  gas  behind  the  front  of  the  shock  v/ave  to  be  constant. 
For  the  value  of  the  field  ahead  of  the  shock  wave  we  obtain 


,-c,  Jx-l 


where 


=  const. 


To  find  In  the  flow  region,  we  must  solve  the  linear  equation 


with  allov/auice  for  the  boundary  conditions  on  the  shock  wave 

—  X|A|.  (4) 

Where  h'  =  dh/dX. 

From  (4)  It  Is  seen  that  we  assume  4  presuppose  the  con¬ 

tinuity  of  the  magnetic  field.  The  function  V(X)  contained  In  (3)  l3 
assumed  known  frca  the  solution  of  the  gasdynamlc  problem  [1].  The  de¬ 
pendence  h(X)  can  be  determined  numerically.  In  this  case  It  Is  neces¬ 
sary  to  take  Into  account  the  form  of  hj^(X)  and  the  representation  of 
h(X)  near  X  =*  0 

*=Cj  |l +0.5y(0)^4-...^,  C2  =  const. 

In  the  stroi^  e:q}loslon  problems  considered  here  It  Is  assvimed 
that  In  the  Initial  Instant  of  time  the  energy  Is  released  Instantane- 
,ously  along  the  e:q>loslon  axis.  When  applied  to  an  electric  straight- 
line  discharge  this  means  that  the  discharge  occurs  Instantaneously 
and  Is  characterized  only  by  the  release  of  energy.  However,  when  cur- 
■  rent  flows  throu^  a  thin  stralght-llne  conductor  the  discharge  may 
occur  not  Instantaneously,  but  over  a  certain  time.  The  flow  of  cur¬ 
rent  through  the  conductor  will  give  rise  to  an  annular  magnetic  field. 
In  the  case  of  infinite  conductivity  of  the  medium,  a  gas  flow  will  be 
produced  by  the  eroandlng  magnetic  piston. 

For  simplicity  we  shall  assume  that  the  initial  magnetic  field  in 
the  plasma  Is  zero.  Assume  that  the  cvirrent  flowing  In  the  conductor 
Is  I  and  varies  as  I  = 

By  virtue  of  the  Infinite  conductivity,  the  magnetic  field  of  the 
cvirrent 


(where  Tq  Is  the  dlstamce  to  the  plasma  boundary)  will  expel  the  gas 


f' 


froni  the  region  adjacent  to  the  axis,  and  will  assume  the  role  of  a 
piston  that  expands  as  r  =  r^Ct). 

On  the  piston  we  have  the  boundary  conditions 


/» (<’0.0  =  /*«==  *70.  '<('’o.O=*^* 

An  analysis  of  this  problem  with  -  const,  p^  =  0  (for  m  1)  shows 
that  since  this  problem  Is  self-similar  we  have 

•  m  +  l  '  * 

irtiere  Og  la  the  unknown  constant.  The  problem  for  a  linear  current  cor¬ 
responds  to  the  expansion  of  a  piston  with  constant  velocity.  ^  this 
case  one  can  find  by  numerical  integration  the  dependence  of  the  param¬ 
eters  of  the  shock  wave  front  on  o^. 

The  problem  of  a  stralght-llne  discharge  for  a  current  that  In¬ 
creases  In  accordance  with  a  power  law  (the  Inverse  pinch  effect)  can 
also  be  Investigated  for  the  case 

0  <  m  <  1. 

We  note  that  the  analogous  gasdynaralc  problem  was  Investigated  in  suf¬ 
ficient  detail  [4].  Without  dwelling  on  the  details  of  the  research, 
we  shall  point  out  only  the  asymptotic  formulas  which  hold  true  for 
values  of  X  close  to  X^  = 

P  =  S'-  r  VY(f  7-m7>  ^1'  *2  = 

The  results  of  the  calculation  for  the  case  y  =  5/3,  m  =  0.9  are 
shown  In  Pig.  3* 

It  follows  from  the  plots  that  the  temperature  Increases  sharply 
on  approaching  the  plasma  boundary  and  that  the  gas  density  decreases 
sharply  to  zero  In  a  narrow  zone  near  the  piston  boundary.  It  was  also 
found  that 
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r,  «  1 ,21 7  .  n,  o’,’  (2.it ’  •  0.94 

>.*=-0,865. 

An  Investigation  of  the  problen  of  discharge  along  a  straight  line  at 
values  of  m  close  to  unity  shows  that  the  density  behind  the  shock 
wave  can  be  approxlnately  regarded  as  constant.  This  pertains.  In  par¬ 
ticular,  to  problems  for  which  the  current  built  up  at  sufficiently 

• 

small  t  Is  nearly  sinusoidal.  In  this  case  there  Is  no  need  for  regard¬ 
ing  the  radius  of  the  conductor  as  Infinitesimally  small,  emd  the  solu¬ 
tion  of  the  problem  greatly  simplifies,  since  the  equations  of  motion 
of  the  gas  can  be  completely  Integrated.  For  a  strong  shock  wave  the 
general  solution  has  the  form 

P  =  -?.(§«nr+0.5t;»)  +  4-(0, 


Pis.  3 

where  f{t)  and  '^'(t)  are  arbitrary  functions  determined  from  the  bound¬ 
ary  conditions  on  the  bovindary  of  the  magnetic  piston  and  on  the  front 
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of  the  shock  wave 


If  the  conductivity  of  the  gas  Is  assumed  to  he  finite,  then  the 
magnetic  field  of  the  ettrrent  will  penetrate  Into  the  plasma.  In  which 
current  will  start  flowing.  The  effect  of  the  magnetic  field  on  the 
gas  will  he  transmitted  not  through  a  narrow  layer,  as  In  the  C2ise  of 
very  large  electric  conductivity,  but  through  a  gas  layer  of  finite 
width.  The  solution  of  the  discharge  problems  becomes  more  complicated. 
This  Is  formally  related  with  the  Increase  in  the  order  of  the  system 
of  differential  equations  of  magnetohydrodynamics  and  the  more  com¬ 
plicated  boundary  conditions.  The  solution  becomes  simpler  If  the  prob¬ 
lem  Is  self-similar.  If  a  power  law  governs  the  buildup  of  the  current 
and  the  dependence  of  the  magnetic  viscosity  on  p  and  T  has  the  form 

T** 

then  the  self-similar  conditions  will  be  satisfied  subject  to  the  sup¬ 
plementary  condition 

-  aa,  +  2  -f  3a,  -f  -V? 

The  problems  considered  above  can  be  used  to  calculate  a  compli¬ 
cated  discharge  consisting  of  a  combination  of  a  direct  and  Inverse 
pinch  effect. 

If  a  discharge  Is  produced  in  the  center  of  a  gas  through  conduc¬ 
tors  and  current  Is  made  to  flow  simultaneously  or  with  some  delay  in 
the  cylindrical  gas  columns  surrounding  this  conductor,  or  else  if  a 
magnetic  piston  with  converging  v;ave  is  produced,  then  the  interaction 
of  the  shock  waves  causes  an  appreciable  Increase  in  the  temperature 
and  pressure  during  the  Instant  when  the  shock  waves  collide.  Calcula¬ 
tion  of  the  gas  parameters  for  the  instant  of  time  close  to  the  in¬ 
stant  when  the  waves  collide  can  be  carried  out  by  means  of  the  well- 
known  gasdynamlc  procedures,  using  the  results  of  the  calculatlcn  for 
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a  converging  shock  vrave  [5,  6]  and  the  result  obtained  above  for  a  di¬ 
verging  wave. 
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DEFORMATION  OF  A  CONDUCTING  LIQUID  SPHERE 
UNDER  THE  INFLUENCE  OP  A  MAGNETIC  FIELD 

V.V.  Yanlcov 
Moscow 

ABSTRACT 

I.  We  have  continued  the  investigation  of  the  deformation  of  an 
incompressible  liquid  sphere  of  infinite  electric  conductivity,  broxight 
about  by  the  action  of  an  Inhomogeneous  magnetic  field.  The  magnetic 
energy  of  the  sphere  is  calculated  in  the  next,  second  approximation 
relative  to  the  small  perturbation  parameters.  A  new  type  of  deforma¬ 
tion,  wherein  the  magnetic  energy  is  decreased,  is  observed. 

H.  We  also  discuss  the  effect  exerted  on  the  stability  of  a 
sphere  by  a  homogeneous  magnetic  field  passing  through  it. 

I.  Chaindrasekhar  and  Fermi  considered  [1]  in  connection  with  the 
astrophyslcal  problem  of  the  stability  of  magnetic  stars,  the  equilib¬ 
rium  of  an  infinite -conductivity  incompressible  liquid  sphere  of  radius 
R  with  homogeneous  Internal  magnetic  field 

/yj.**  = //•  cos  d,  =  —  //"sind 

2uid  a  dipole  external  magnetic  field 

«‘*’  =  //(/?/r)>-cosO.  H'i'=[HJ2)[Rlrf-s\a9  (l) 

relative  to  the  so-called  deformations,  which  convert  the  sphere 
into  a  figure  of  revolution,  the  surface  equation  of  which  in  spherical 
coordinates  (r,  0,  <p)  has  the  form  r{i>)  =  R  +  e-P^Ccos  ^),  where 
Pj^Ccos  -d)  is  the  Legendre  polynomial  of  degree  1. 

The  same  authors  have  established  that  in  first  approximation  rela 
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tlve  to  the  sraall  defcraatlon  paraneter  e  «  R  the  sphere  attempts  to 
assume  the  form  of  an  oblate  spheroid  (1  =  2)  and  la  Insensitive  to 
more  complicated  zonal  perturbations  (^  >  2),  for  which  the  spherical 
configuration  Is  an  equilibrium  one. 

We  Investigated  below  the  magnetchydrodynamlc  stability  of  a  . 
sphere  In  the  presence  of  a  field  (1),  relative  to  an  arbitrary  wdak 
deformation.  The  latter  can  be  expanded  In  spherical  harmonics 

9)»  We  shall  consider,  as  Is  customary,  the  ’'X^"-deformatlon, 
described  by  a  surface  equation 


<■(0.9)=/? +e- 17(0.9).  (2) 

The  displacement  vector  T  each  point  of  the  Incompressible  liquid 
In  the  case  of  deformation  Is  determined,  as  In  [1],  from  the  system 
of  equations  T  =  Vi)',  =  0,  the  solution  of  which,  satisfying  the 

boundary  condition  that  follows  from  (2),  Is 

The  local  change  In  the  Internal  effective  magnetic  field  due  to  the 
dragging  of  the  magnetic  force  lines  by  the  medium  Is,  as  Is  well 
known,  =  rot  [CH],  which  together  with  (1  and  3)  yields 

The  perturbation  of  the  external  field,  which  is  expressed  as 
usual  In  terms  of  the  magnetostatic  potential  =  VO,  dO  =  0),  Is 

determined  from  the  requirement  that  the  normal  component  of  the  field 
be  continuous  on  the  deformed  boundary  surface,  and  is  given  by  the 
formulas 

'=■^1 - 27(21+1) - + 


3  (/-n +!)(/  + 2) 
2(2/  +  l) 


(C-4 


(/ -f  <n) «- 1 ) (f  +  2)  dr7.x 

/?[  2i>(2i+l)  \rl  ^ 
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(5) 


2/-(2/fl)  \r 
3(f-i»  +  l)//?p  d\7+, 
\rl 


Of 


^j-siii-'i». 


2(2/+ 1)  \rl  Of 

To  determine  the  change  in  the  total  magnetic  energy  of  the  sphere 
in  the  case  of  T®  deformation,  we  make  use  of  the  fact  that  the  energy 
is  equal  to  the  work  performed  by  the  ponderoraotlve  forces,  taken 
with  the  opposite  sign.  Such  an  approach  greatly  simplifies  the  calcu¬ 
lation  compared  with  direct  calculations  [1].  Diere  are  no  electrody¬ 
namic  forces  within  the  sphere,  in  view  of  the  potential  Character  of 
the  magnetic  field  vector  +  6^^^.  The  ponderomotlve  force  ap¬ 
plied  to  a  unit  surface  separating  the  liquid  and  the  yacuimi  is  de¬ 
rived  from  the  Maxwell  stress  tensor  and  in  this  case  (p.  =  1)  is  equal 
to 


(6) 


where  rT  is  the  outward  normal  to  the  surface,  while  3^  and  denote 
the  magnetic  fields  inside  and  outside  the  deformed  sphere.  Including 
the  small  corrections:  etc.  Substituting  (1,  4,  5) 

in  (6)  and  then  neglecting  terms  of  higher  order  of  smallness  in  e,  we 
obtain  an  approximate  expression  for  the  force  components 

sin  » r  (/  +  w)  {7P  +  3/  +  2)  <?V," ,  3  (/—  /n  + 1)  dYT+x  H 

2  I  P{2l+l)  Od-  21+1  jj’ 

/>=-g^smOcosO+  8^'[— — 


J(/  +  «)(5/*  +  3/-2)  dl7.,  .  3(/-«  +  l)aC,l  . 
— pw+ij - 5r+~27+i — 


3.,.J(/+w)(5/»-7/-4),..  ,  3/(/-«  +  l),^  H 

■4^'"*^  I — zpTfT) — 2r+r-'‘^'])‘ 
.  *«*  [3 .  ,  o\r  , 
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cos  >  [  (/_?  /«)  (.-/■’  f  ;>/  -  2)  Jir ,  .  3  (7  -  +  1 )  .>17,  ,11 
/'(-7+1)  '  >/+l  "  JVJJ- 

o 

To  find  the  work  done  by  this  force,  accurate  to  e  Inclusive,  we  em¬ 
ploy  a  method  developed  In  [l]  In  the  calculation  of  the  change  In 
gravitational  potential  energy.  Assume  that  for  a  specified  small  quan 
tlty  E  the  amplitude  of  the  deformation  ejqierlences  an  Infinitesimally 
small  Increment  6e.  The  corresponding  displacement  64  Is  obtained  by 
simply  substituting  64  for  e  In  (3)*  namely 

•  /''V"' (8) 

The  change  In  the  magnetic  energy  of  the  sphere  connected  with  the  In¬ 
finitesimally  small  deformation  Is  e:q)re3sed  by  the  Integral  of  the 
work  consumed  In  displacement  of  the  surface  element  da  by  a  distance 
y?  In  the  field  of  the  forces  (7)*  taken  over  the  entire  sxirface,  l.e. 

The  Integration  (9)  Is  carried  out  with  the  aid  of  Relations  (2,  7,  8) 
and  In  the  final  result  one  retains  only  the  terms  containing  e  In  the 
zeroth  and  first  degree.  Leaving  out  Intermediate  steps,  we  write  out 
the  final  result 


where  6^^  Is  the  Kronecker-Welerstrass  symbol,  and 


=-LiL[ 

'«  2/  +  3  I 


—  1  |9  (26/"  +  97r-i-70/J+IW— 6)(/»-/n») 

2 


]• 


Integrating  (10)  with  respect  to  e  from  0  to  e,  we  arrive  at  a  final 
formula  for  the  change  In  the  total  magnetic  energy  of  the  sphere  In 
deformtlon  In  the  second  approximation* 

~  1  **  * 

M=  J / OT)*  s\nmd<f.  (11) 
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since  the  quantity  Is  positive  v/hen  n  =  1  and  negative  In  all 
other  cases,  only  the  defomat Ion  with  n  =  1  from  among  all  the  non- 
spheroldal  T"  deformations  (1  >  2;  1  =  2,  m  /  O)  decrease  the  magnetic 
energy. 

Dsfozmatlons  of  this  type  (m  =  1)  also  decrease  the  magnetic  po¬ 
tential  energy  of  an  Ideally  conducting  sphere  placed  In  an  external 
quasi-homogeneous  magnetic  field  [2]. 

The  effects  noted  in  [1]  and  here  are  due  to  the  action  of  both 
the  magnetic  pressure  normal  to  the  surface  and  (unlike  the  case  ana¬ 
lyzed  in  [2])  to  the  tangential  component  of  the  ponderomotlve  force 
due  to  the  bend  of  the  force  lines  on  the  sttrface.  For  example,  it  is 
easy  to  show  that  the  contribution  made  to  the  main  T2  deformation  by 
the  tangential  component  is  six  times  larger  than  that  of  the  normal 
component. 

It  is  easy  to  show  that  deformations  that  differ  in  their  azl-  * 
muthal  number  m  are  Independent  of  one  another. 

The  nonequlllbrlm  of  the  sphere  relative  to  axially  symmetrical 
disturbances  (m  =  O)  was  investigated  In  [1]. 

Although  a  T™  deformation  (m  ^  O)  when  taken  separately  may  tiirn 
out  to  be  dynamically  unrealizable  because  of  the  limitations  Imposed 
by  the  equations  of  motion  [3],  nonetheless  the  negative  sign  of  M  In 
this  case  Is  Indisputable  proof  of  the  presence  of  perturbations  which 
perhaps  enter  In  the  more  extensive  class  of  deformations  of  the  form 

With  resect  to  which  the  sphere  Is  known  to  be  unstable. 

Consequently,  In  spite  of  the  fact  that  the  magnetic  field  (1) 
flattens  the  sphere  Into  a  spheroid.  It  also  contributes  to  an  Increase 
in  the  axially  asymmetrical  pertxirbatlons  and  may  serve  as  a  cause  of 


Instabilities  of  the  type  Indicated  above. 

2.  Let  us  examine  the  effect  exerted  on  the  character  of  the  sta¬ 
bility  of  an  Ideally  conducting  Incompressible  liquid  sphere  by  a  homo¬ 
geneous  magnetic  field  passing  through  It  [4] 

(12) 

Such  a  "frozen-ln"  magnetic  field  Is  remarkable  In  that,  without 
effecting  the  equilibrium  of  the  original  sphere.  It  starts  to  Interact 
with  .the  sphere  only  when  the  latter  becomes  deformed.  The  Increment 
In  the  magnetic  energy  due  to  a  deformation  of  the  type  (2)  Is  equal 
In  this  case  to 


7k  ■ 


(rj*)*  sin  QJOdip. 


(13) 


After  calculations  that  follow  the  scheme  Indicated  above  [5]  It 
Is  easy  to  show  that  the  lndlvld\ial  different  deformations  are  In¬ 
dependent  of  one  another.  Therefore  a  generalization  of  Formula  (13) 
to  Include  the  case  of  a  pertxirbatlon  of  arbitrary  form 


reduces  simply  to  the  stimmatlon 


We  see  that  all  the  harmonics  with  m  3^  1  are  stable.  Nonetheless,  the 
vanishing  of  when  ra  =  1  \indoubtedly  indicates  that  there  exists  an 
xuillmlted  number  of  deformations  of  the  type  m  =  1,  with  respect  to 
which  the  sphere  stays  In  the  state  of  indifferent  equlllbrltim  and 
which,  consequently,  are  not  stabilized  by  the  homogeneous  magnetic 
field  (12)  that  penetrates  Inside  the  sphere. 

In  addition  to  the  astrophysical  applications  already  mentioned 
[1],  the  result  obtained  above  can  be  of  Interest  also  In  the  solution 


HliiMliii 


c* 


of  the  "elec tronasne tic  crucible"  problen,  and  also  In  the  study  of 
the  conditions  for  the  stabilization  of  a  sphere-llJce  high  conductivity 
plasma  formation  (simulated  by  liquid  metal)  by  external  alternating 
electromagnetic  fields  In  conjunction  with  a  "frozen-ln"  constant  mag¬ 
netic  field  [4,  6]. 

The  author  Is  most  grateful  to  M.L.  Levin  and  M.S.  Rabinovich  for 
useful  remarks  and  for  a  discussion  of  the  present  article. 

REFERENCES . 

1.  S.  Chandrasekhar  and  E.  Fermi.  Astrophys.  J. ,  118,  ll6,  1953* 
(translation:  Probl.  sovr.  flzlkl  [Problems  of  Tengporary 
Physics],  2,  108,  195^)- 

2.  V.  V.  Yanov,  ZETF  [Journal  of  Experimental  and  Theoretical 
Physics],  37,  224,  959. 

3.  J.  Berkowltz  et  al.  Problems  In  magnetohydrodynamlk  stability. 
Trudy  vtoroy  Mezhdunarodnoy  konferentsll  po  mlmomu  Ispol’zov- 
anlyu  atomnoy  energll  [Transactions  of  the  Second  International 
Conference  on  the  Peaceful  Uses  of  Atomic  Energy],  (Report 

No.  376,  USA),  Geneva,  1958. 

4.  J.  W.  Butler.  Stability  of  electromagnetic  plasma  confinement 
In  spherical  geometry.  Technical  memorandum  No.  21  of  reactor 
engineering  division  of  Argonne  national  laboratory,  1959. 

5.  V.  V.  Yankov,  ZTF  [Journal  of  Technical  Physics],  31,  1077, 

1961. 

6.  M.  L.  Levin,  M.  S.  Rabinovich  and  G.  A.  Askaryan.  On  the  stability 
and  focusing  of  plasma  bunches  accelerated  by  radiation.  Proc. 
Intern,  conf.  on  high-energy  accelerators  and  Instrumentation, 
Bern  1959. 


-  203  - 


Manu¬ 

script 

Page 

No. 

200 


[Footnote ] 


Some  disparity  between  the  numerical  coefficients  of  the 
first  approximation  given  here  and  In  [1]  (7/20  In  place  of 
9/20)  la  due  to  the  error  that  crept  In  the  latter  In  the 
calculation  of  the  external  magnetic  deformation  energy 
[Porraulaa  (147-150)]. 


MAGNETOHYDRODYNAMIC  FLOW  WITH  SMALL  Re^ 

m 

M.D.  Ladyzhenskly 
Moscow 


1.  In  Cartesian  (cylindrical)  coordinates  x,  ^  the  equations  of 
steadyostate  plane  (v  =  O)  or  axially  synunetrlcal  (v  =>  1)  flow  of  a 
gas  with  finite  electric  conductivity  have  In  the  presence  of  a  mag¬ 
netic  field  the  form 


“  ^ + ®  £ + r  -  I'M. 


dy^ 

dfa  dfv  5^ 
'd'x^'dy 


'0. 


+ 


dx  dy 


_  «  P  I 

2 

=  /?„(uA,— pA,), 


/?»  = 


AkiVL 


(1) 


Here  u  and  v  are  the  components  of  the  velocity  vector  along  the  axes 
X  auid  y,  h  and  h  are  the  components  of  the  magnetic  field  vector,  p, 
p,  K,  o  are,  respectively,  the  density,  pressure,  ratio  of  specific 
heat,  velocity  of  light,  and  specific  electric  conductivity.  All  the 
q[uantitles  are  reduced  to  a  dimensionless  form,  and  the  characteristic 
quantities  chosen  for  the  velocity,  magnetic  field  intensity,  density, 
pressure,  and  length,  respectively,  are  V,  H,  R,  RV^,  L. 

Let  us  represent  the  magnetic  Intensity  vector  in  the  form  IT  = 

=  TT*  +  TT',  where  TT*  is  the  given  field  and  TT'  Is  the  induced  field.  We 
assume  that  the  magnetic  Reynolds  number  Is  small  compared  with  unity; 
this,  as  Is  well  known,  makes  It  possible  to  neglect  In  the  equations 


G 


of  motion  the  induced  field  compared  with  the  given  field.  Let  the 
given  field  have  at  the  origin  a  singularity  of  the  form 

—  where  T  Is  a  vector  function  determined  by 

given  configuration  of  the  field 
^ — . —  sources.  In  this  case,  as  can  be  readily 

seen,  the  equations  of  motion  of  the  gas 
2,  admit  of  a  class  of  self-similar  solutions, 

in  which  the  velocity  vector,  the  pressure, 
and  the  density  dejiend  on  q  =»  y/x. 

2.  Let  us  consider  the  following  problem:  a  plane  seml-lnflnlte 
plate  Is  located  In  a  plane  supersonic  steady-state  stream  of  a  com¬ 
pressible  nonvlscous  gas  flowing  In  a  direction  perpendicular  to  the 
forward  edge  of  the  plate  (Fig.  1).  Surface  currents  Isolated  from  the 
external  flux  flow  In  the  plate  in  a  direction  perpendicular  to  the 
plane  of  the  streeimj  the  density  of  the  surface  currents  J  Is  given  by 


Pig.  1 


'  the  relation 


Bie  magnetic  field  (we  denote  dimensional  quantities  by  upper-case 
letters)  corresponding  to  this  distribution  J  Is  given. by  the  equations 

#/  =  I  (r)  f  il  ^ 

ci/x  +  O+T.J)  c/jc 

"■  ~  ^  »<'>•  ( 5 ) 

It  Is  assumed  that  the  magnetic  field  under  consideration  produces 
In  the  gas  an  "ordinary"  shock  wave,  emerging  from  the  forward  edge  of 
the  plate,  and  that  behind  the  shock  wave  the  conductivity  Is  finite 
and  the  Induced  field  Is  negligibly  small.  Ahead  of  the  shock  wave  the 
conductivity  Is  assumed  equal  to  zero.  In  this  case  the  problem  does 
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not  have  a  characteristic  linear  dimension,  the  magnetic  field  satis¬ 
fies  Relation  (2),  and  the  flow  belongs  to  the  aforementioned  class  of 
self-similar  solutions,  depending  on  the  dimensionless  parameters  ^  = 

=  y/x  and  q  =*  2oA^7r^/c^RV. 

We  note  that  in  the  axially  synmetrlcal  case  there  exists  em  anal¬ 
ogous  self -similar  solution  provided  one  distributes  along  the  x  axis 
dipoles  whose  axes  are  directed  along  the  x  axis  and  whose  density  In¬ 
creases  In  proportion  to  In  this  case  the  given  field  Is  ex¬ 

pressed  as  before  In  Form  (2).  We  shall  henceforth  confine  ourselves 
to  an  analysis  of  plane  flow. 

We  consider  the  case  o  =  const,  but  generalization  is  possible  to 
the  case  of  a  a  that  depends  on  the  temperature  and  on  the  pressure. 

By  way  of  the  characteristic  quantities  we  choose  the  density  and  the 
velocity  of  the  unpertxirbed  stream.  The  usual  gasdynaunlc  relations  are 
satisfied  on  the  shock  wave,  which  Is  represented  by  an  inclined 
straight  line.  The  equations  of  motion  (1)  can  be  reduced  to  three  or¬ 
dinary  differential  equations  In  u,  v,  and  p;  these  equations  have  the 
form 

-h  »r)]  <7t[«  (<>*  -  -’P) + s'-iPtJ.  (6) 

[p* — “*  ( I  +  n’)  ]  =  riW  +  "P)  —  5<PtI.  (7 ) 

?'?[p*  — +n’)]  =  r.'t— {“  +  ’1^’)=+ +  (8) 

P  =  ff  — ijii,  — cfu,  a=/n  — <p. 

Here  f  =  f(Ti)  and  7  =  7(b)  are  functions  defined  by  Eqs.  (4)  and  (5), 
while  the  prime  denotes  differentiation  with  respect  to  q. 

3.  In  view  of  the  complexity  of  the  system  of  equations  (6-8),  a 
qualitative  Investigation  of  these  equations  entails  much  labor.  We 
report  below  the  preliminary  results  of  such  an  Investigation.  We  prove 
first  that  the.  Integral  curves  In  four-dlmenslonal  u,  v,  p,  q  space  do 
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not  cross  the  singular  surface  v  —  ',u  =  C  in  the  finite  portion  of  the 
space  anywhere  except  the  point  v  =  C,  u  =  0,  n  =  0  (p  Is  arbitrary). 

Were  this  surface  to  be  crossed  by  an  Integral  curve  at  some  ^  = 
=  this  would  meam,  obviously,  that  the  line  t  can  be  regarded 

as  a  solid  wall,  l.e.,  the  flow  would  be  not  over  a  plate,  but  over  a 
wedge  with  a  half -aperture  angle  6  =  arc  tan  n*. 

We  shall  prove  this  by  contradiction.  Assume  that  when  tj  =  the 
quantity  p  =  v  —  tju  vanishes,  and  in  the  vicinity  of  q  =  the  quan¬ 

tities  u,  V,  and  p  do  not  become  infinite.  The  system  of  eqmtions 
(6-8)  can  be  written  in  the  vicinity  q  =  rj*  in  simplified  form 

«'==^.  o=n“'.  (9) 

where  and  kg  are  constants. 

Assvime  that  for  some  q  =  we  have  u  =  Uq,  v  =  Vq,  p  =  Pq. 

From  the  equations  (9)  we  have 

„  _  .  ).[(>.  -  ^ -  (>•  -  «o)]  + >"  p  “  (10) 


from  which  it  follows  that  In  the  case  when  k,  >  0  we  have  lim  u  ■-== -f- =« 

when  X  >  0  and  Imhu  — —  ■>=  when  X  <  0,  which  contradicts  the  assumption 
#-o  • 

that  the  line  p  =  0  Is  reached  in  a  finite  part  of  space.  On  the  other 
hand,  when  k^^  <  0  the  surface  p  =  0  is  not  reached  at  all,  for  the 
value  of  p  decreases  In  absolute  magnitude  from  a  value  p^  to  a  cer¬ 
tain  value  p^,  after  which  It  starts  Increasing  again.  Thus,  the  fore¬ 
going  statement  Is  proved.  Ve  consider  now  the  equations  near  the  sur¬ 
face  of  the  plate.  When  q  =  0  the  condition  v  =  0,  which  represents 
blocking  of  the  flow.  Is  satisfied-  The  surface  of  the  plate  Is  a 
singular  point  for  the  system  (6-8).  Let  us  show  that  there  exists  a 
three-parameter  family  of  solutions  satisfying  the  condition  for  block- 
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Ing  the  flow  on  the  surface  of  the  plate. 

For  this  piirpose  we  write  down  the  system  (6-8)  near  ij  =  0  In 
simplified  form,  e^andlng  f(Tj)  and  ^(rj)  in  series  and  using  the  small¬ 
ness  of  v: 


__5“ 


-T.,  P' 

f  V  — 

Introducing  0  =  v  —  tju,  we  obtain  the  equations 


-0. 


P'.  »=P+n“. 

const 


(11) 

(12) 


?r  +  .jPV-flPn=o. 

where  a  =  <t/pQ‘ 

Equation  (12)  admits  of  group  transformation  sind  can  be  reduced 
to  a  first-order  equation  In  the  quantities  x  =  p/q^,  y  =  P'/q?: 


;e(3je 


dr 


Equation  (13)  has  two  singular  points  —  the  origin  (a  combined 
saddle  and  node)  and  the  point  x  =  -a/l2,  y  =  —a/4  (a  focus).  It  Is 
easy  to  check  that  the  point  x  =  —a/l2,  y  =  —a/4  yields  an  analytic 
solution  of  Eq.  (12)  satisfying  the  condition  v  =  0  when  q  =  0.  For  u, 
V,  and  p  we  obtain  In  the  vicinity  of  q  =  0  the  following  expressions; 

It  Is  Important  to  emphasize  that,  as  follows  from  (14),  u  also 
vanishes  on  the  sxirface  of  the  plate.  This  Is  the  physical  consequence 
of  the  fact  that  the  magnetic  field  Intensity  on  the  forward  edge  of 
the  plate  becomes  Infinite.  By  making  (14)  more  exact.  It  Is  posslblf- 
to  obtain  an  analytic  solution  of  the  equations  under  consideration 

near  q  =  0  from  the  exact  equations  (6-8).  This  solution  has  the  form 

9  i  .  ^513  ,  3 — X  29^*  \  ^  .  .. 

4?*  ‘  ■^\3072'^x-l  5184?J7i>,’‘ 

6?/'  -16?,  '  +(;i56+x~|  42336?jjp,’'  +••••  . 
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In  addition  to  the  solution  (1^)  and  (15),  there  exists  an  In¬ 
finite  set  of  nonanalytlc  Integral  curves,  which  approach  this  solu¬ 
tion  as  Tj  -*  0.  To  find  these  solutions  we  put  In  the  first  equation  of 

(13) 

Adstunlng  i  and  q  to  he  small  quantities,  we  obtain 

d; 

4  12  C  - 


The  solution  of  this  equation  Is 


Using  the  second  equation  of  (13),  we  obtain  finally 


I  ?  I  «  I  _  jijfn 


where  p  =  v  —  qu,  while  c^^^  and  Cg  are  constants. 

Equation  (l8)  yields  the  sought  solution;  u,  v,  amd  p  are  deter¬ 
mined  In  accordance  with  (12).  Thus,  the  general  solution  near  the 
singular  point  depends  on  the  three  arbitrary  constants  p^,  c^,  and  Cg. 

We  propose  to  consider  in  the  future  the  question  of  the  uniq^ae- 
ness  of  the  construction  of  the  solution  for  q  close  to  zero,  the  solu¬ 
tion  having  the  form  (18)  and  satisfying  on  the  shock  wave  the  ordinary 
gasdynamic  relations  for  a  shock  wave. 
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APPROXU'IATE  METHOD  OP  INVESTIGATINO  PLANE 
VORTICAL  PLOWS  IN  HAGNETOHYDRODYNAMICS 

1. 1.  Nochevklna 
Moscow 


We  are  Investigating  plane  steady-state  vortical  motion  of  an 
Ideal  compressible  liquid  with  Infinite  conductivity  In  an  external 
magnetic  field  perpendicular  to  the  plane  of  flow.  The  determination 
of  the  parameters  of  such  a  flow  reduces  mathematically  to  a  slmul- 
tcineous  solution  of  the  following  system  of  electrodynamic  and  hydro- 
dynamic  equations 

^ot(p//)  — 0,  divW«0, 

(«fV) VA  —  41-1^ rot «].  div(?»)= 0 


for  an  equation  of  state  specified  in  the  form 

(A('^’),  B{1f)  are  functions  characterizing  the  entropy  distribution); 
this  equation  of  state,  as  is  well  kno;m.  Is  valid  for  a  tremendous 
majority  of  vortical  flows.  From  the  Induction  equation  au:id  from  the 
continuity  equation  we  can  find  the  first  integral  of  the  system  (1) 


(2) 


The  effect  of  the  magnetic  field  on  the  motion  of  the  conducting  liq¬ 
uid  reduces  In  this  case  to  an  additional  pressxire 


(3) 


and  therefore  the  general  equation  of  state  can  be  written  In  the  form 
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3-  r-Myy/  — /uvr-  (^) 

We  represent  the  velocity  vector  In  the  form 

»(jr.  y)  X{x.  y)'iTai  ( 5 ) 

where  X(x,  y}  Is  a  proportionality  coefficient  and  <p(x,  y)  =  const  Is 
a  family  of  surfaces  orthogonal  to  the  stream  lines.  In  this  case  the 
normal  cross  sections  can  he  drawn  also  for  ciirrent  tubes  of  finite 
dimensions,  since  the  Gromeka  condition  [1]  Is  always  satisfied  for 
plane  flow.  Bie  solution  of  the  system  (1)  can  be  reduced  to  the  solu¬ 
tion  of  the  differential  equations 

=  dx'  (6) 


which  are  obtained  with  the  aid  of  (5)  and  the  continuity  equation.  In 
the  presence  of  the  eqviatlon  of  state  [h)  and  the  projections  of  the 
equation  of  motion  on  the  tangent  and  on  the  normal  to  the  stream  line. 
Let  us  consider  the  vortical  flows  for  which  the  degree  of  regularity 
of  the  dependence  of  the  velocity  on  the  entropy  Is  stronger  than  that 
on  the  density,  and  for  which  the  coefficient  of  proportionality  X  In 
(5)  cam  be  regarded  approximately  as  a  function  of  the  density  only. 

We  break  down  the  entire  flow  region  Into  elementary  regions  within 
each  of  which  the  entropy  has  Its  oim  specific  constant  value  Ag, 
...,  ...  For  such  elementary  regions,  the  equations  (6)  expressed 

In  new  specially  selected  independent  variables  p  and  6  (S  is  the  angle 
between  the  velocity  vector  and  the  x  axis)  assume  the  form 


d 


_  d±  d7 

}.(pj  <)«•  OG 


dj, 


dJ.  .  ,  .  1  (dv\  1 
dp 


h  (7) 


dp 


The  equations  In  (7)  contain,  for  a  constant  density  p*  In  an  adlabat- 
Ically  decelerated  gas,  the  following  Invariant  with  respect  to  the 
stream  lines: 
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(8) 

In  fact,  using  the  Bernoulli  equation,  v;e  obtain 

where 

from  which  we  verify  that  (8)  is  correct.  It  Is  easy  to  show  also  that 
the  projection  of  the  equation  of  motion  on  the  normal  to  the  stream 
line  vanishes  within  the  elementsiry  regions.  On  the  basis  of  (8),  the 
equations  In  (7)  are  real  for  the  entire  gas  flow  region  when  X  =  X(p). 
In  the  presence  of  a  perpendicular  magnetic  field  we  have  p*  = 

=  v^ay(V')AR(l^)j  l.e.,  it  depends  on  the  character  of  the  eddies  (the 
distribution  of  the  total  energy  along  the  stream  lines)  and  on  the 
specification  of  the  function  aCif-).  For  arbitrary  vortical  flows  and 
for  a  definite  specification  of  p*  can  be  regarded  as  constant. 

Thus,  It  becomes  possible  to  Investigate  the  vortical  flows  In  this 
case  by  means  of  the  same  methods  that  were  developed  for  potential 
flows.  Substituting  the  value  l/v  (3v/9p)^  from  (8)  In  (7)  we  obtain 
fj _  1  • 

_ ! _ 1^  • 

1  <}H*  i)H'’  |dX  X  1  Of'  '  ' 

A  method  of  solvli^  the  equations  In  (9)  by  introducing  the  function 
of  S.A.  Chaplygin  was  detailed  in  [2].  It  is  possible  to  use  that 
method  to  investigate  the  parameters  of  plane  subsonic  and  supersonic 
nonlsentroplc  flows  with  the  equation  of  state  specified  in  the  gen¬ 
eral  polytropic  fora  - 

We  note  that  V.S.  Tkallch  obtained  several  results  in  magnetic 
gasdynanlcs  with  the  aid  of  the  transformation  of  S.A.  Chaplygin. 
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With  the  aid  of  this  nethod  :;e  can  investigate  also  the  param¬ 
eters  of  plane  steady-state  flow  in  the  presence  of  perpendicular  mag¬ 
netic  fields  and  also  in  the  case  of  finite  conductivity  of  the  medium. 
The  mechanical  problem  reduces  in  this  case  to  a  solution  of  the  system 
(l)  with  a  modified  induction  equation 

Where  tj  =  c^/k-na  is  the  coefficient  of  magnetic  viscosity.  In  the  case 
of  constant  finite  conductivity,  ij  =  const,  we  obtain  ftom  (10) 

=  V,//,  =  (t,//,),  (H) 

l.e.,  the  velocity  vector  can  be  represented  in  the  form 

o  =  grad(p,  (12) 

where  9  =  ^  In 

This  method  Cein  be  used  to  solve  analogously  the  mechanical  prob¬ 
lems  also  in  the  case  of  variable  conductivity  of  the  medium,  when 
grad  a  (and  consequently  also  grad  q)  coincides  in  direction  with  the 
conduction  current,  as  is  the  case,  for  example,  with  the  cooling  Jet 
in  a  plasmotron.  Then  (grad  q  X  rot  if]  =  0,  and  the  induction  equation 
can  be  represented,  apairt  from  a  gradient  of  an  arbitrary  function,  in 
the  fora 


(»//]  =  q  rot  H, 

(13) 

y)  =n(-f.  y)  grad  9, 

(14) 

where  9  =  In  H  ,  which  is  equivalent  to  a  certain  vortical  flow  with 
z 

proportionality  coefficient  q(x,  y). 
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212  To  simplify  the  derivations  we  henceforth  write  for  the 

poly  tropic  e^gponent  n  »  2. 


*  «  -  215  - 


INVESTIGATION  0?  STEADY-STATE  ULTRAflELATIVISTIC  ISENTROPIC 
PLOWS  IN  THE  PRESENCE  OP  MAGNETIC  PIELDS 


1. 1.  Nochevklna 
Moscow 

The  motion  of  a  relativistic  gas  In  the  presence  of  arbitrary  mag¬ 
netic  fields  can  be  represented  In  the  form  of  the  vanishing  of  the 
four -divergence  of  the  summary  mechanical  and  electromagnetic  energy- 
momentvim  tensor.  In  the  case  of  a  gas  of  Infinite  conductivity,  the 
energy-momentum  tensor  can  be  written  In  the  form  [1] 

o 

where  W*  =  pV  +  pVc  +  W'  Is  the  sximmary  heat  content  of  the  ges  and 
of  the  magnetic  field,  p*  =  p  +  p'  Is  the  summary  pressure,  Y  Is  the 
specific  volume,  Is  the  4-veloclty,  2  3  ~  ^4  ~ 

It  Ccin  be  shown  that  in  the  presence  of  arbitrary  electromagnetic 
fields  It  is  sufficient  to  consider  only  the  modified  energy  momentum 
tensor  for  macroscopic  bodies,  v;hlch  includes  the  additional  heat  con¬ 
tent  W'  and  the  additional  pressure  p*.  In  the  general  case  W*  and  p' 
can  be  readily  calculated  from  the  formulas 


P'  =  - 


(2) 


where  are  the  components  of  the  tensor  of  the  electromagnetic 

field  in  the  K'  frame,  relative  to  which  the  element  of  the  madliax 
moves  with  velocity  u.  The  advantage  of  reducing  the  summary  energy 


nocentu.'a  tensor  of  the  systen  conprislng  the  gas  and  the  electrcniag- 
netlc  field  to  a  modified  tensor  of  macroscopic  bodies  manifests  It¬ 
self  In  going  over  from  one  reference  frame  to  another,  since  the 
Loxentz  transformations  for  the  components  of  the  electromagnetic  field 
tensor  F’^  2ure  much  simpler  than  those  for  the  components  of  the  elec- 

fl^i 

tromagnetlc  energy  momentum  tensor  . 

If  an  Isentroplc  mode  Is  maintained,  the  investigation  of  the 
parameters  of  a  plane  steady-state  flow  of  an  ultraorelatlvlstlc  gas  In 
an  arbitrary  magnetic  field  can  be  carried  out  with  the’  aid  of  the 
method  described  In  [2]. 

Ve- shall  carry  out  the  Investigation  for  an  Infinitesimally  small 
gas  element  In  the  laboratory  frame  K.  In  the  case  of  Isentroplc  flows, 
as  Is  well  known,  there  exists  a  relativistic  analog  of  the  potential 

.  (3) 

from  which  we  have  for  plane  flows  with  1  =  1,  2 

(4) 

Using  also  the  relativistic  continuity  equation  to  introduce  a  rela¬ 
tivistic  analog  of  the  stream  function 


*4— yk _ ^  (5) 

V~dx,’  V~  ' 

we  obtain  equations  analogous  to  the  equations  describing  a  plane  vor¬ 
tical  flow  of  an  ordinary  gas  [2],  where  the  role  of  the  proportional¬ 
ity  coefficient  X  Is  assvimed  by  a  quantity  that  is  reciprocal  to  the 
summary  heat  content 


W  dx  Oy' 


_ 

W^dy^  dx 


=  y). 


(6) 


Thus,  the  problem  reduces  to  a  solution  of  Eqs.  (6)  using  the  relativ¬ 
istic  Bernoulli  equation  (7) 

W*  _• 

const  (7) 
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and  the  equation  of  state  (8) 

P*-(v -»)«*:  (i<t<2).  (8) 

which  In  the  case  of  ultrarelatlvlstlc  systems  Is  completely  defined 
hy  specifying  a  single  thermodynamic  function  (for  example,  W*). 

By  Introducing  new  Independent  variables  4{W*)  and  a,  where  a  la 
the  angle  between  the  velocity  3--vector  and  the  x  axis,  and  noting 
that  u  =3  u(W*),  V  =s  V(W*),  we  represent  the  equations  In  (6)  In  the 
form  • 


1  d^^(dV  V  du  \dW 

Wdi  udW*)  dl'dx* 

=  (9) 

w\w*^ udw*)  dl  ll’¬ 

ve  have  assumed  here  that  the  functions  (p(  a)  and  1^(^,  a)  are  con¬ 
tinuous,  finite,  and  single  valued,  while  the  Jacobian  ^  0  does 

not  vanish  In  the  entire  flow  region.  Substituting  Into  Eqs.  (9)  the 
values  of  u(W*)  and  ^/8W*  determined  from  (7)»  and  V  and  5v/SW*  from 
(8)  In  the  particular  case  when  y  =  4/3,  and  Imposing  on  |,  as  am  ar¬ 
bitrary  function  of  W*,  the  simplifying  condition 

3Vf"»“*+4)  . 

—  dZ 

we  reduce  the  equations  of  (9)  to  the  form 

d;“dx'  di - >df'  (10) 


Where 


—  U7«s(I  —  2ll7*») 


Is  the  Chaplygin  function  which  we  have  introduced.  The  solution  of 
the  equations  In  (10)  with  the  aid  of  the  approximate  Chaplygin  method 
was  described  In  [2]. 

The  proposed  method  Is  used  to  investigate  steady-state  Isentropic 
flow  of  an  ultrarelatlvlstlc  gas  in  a  perpendicular  magnetic  field.  It 


*  • 
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Is  observed  here  that  a  perpendicular  magnetic  field  dees  not  affect 
the  Isentroplc  flow  of  an  ultrarelatlvlstlc  gas.  In  the  case  of  a  mag¬ 
netic  field  with  arbitrary  orientation  In  the  plane  of  flow,  the  Isen¬ 
troplc  mode  Is  as  a  rule  disturbed. 
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DISCUSSION  FOLLOWING  THE  PAPER 

V.S.  Tkallch 
Sukhumi 

The  method  of  S.A.  Chaplygin  was  first  used  In  magnetic  gasdynam- 
Ics  by  1. 1.  Nochevklna  [1];  that  paper  generalizes  the  previously  ob¬ 
tained  results. 

The  successive  application  of  the  methods  of  I.S.  Gromeka  and  S.A. 
Chaplygin  tiims  out  to  be  fruitful. 

If  all  the  principal  quantities  and  the  electrostatic  potential 
are  independent  of  one  of  the  Cartesian  coordinates  Xg,  3^)  and 
of  the  time  (t)  =  b/bt  =  O),  and  If  there  is  no  dissipation  or 

external  ponderomotlve  forces,-  then,  by  using  the  method  of  I.S.  Gro¬ 
meka,  we  obtain  the  vector  fields 


H  =  +  v-(l»v;»xr,  +  cf>  £=.-V>. 

/  vQ'-eV„*'  \ 


The  quantities  y,  "S,  Q,  and  also  the  entropy^  are  arbitrary  func¬ 
tions  of  the  parameter  %  =  Xg).  The  prime  denotes  everywhere  the 

derivative  with  respect  to  Its  argument. 

In  order  for  the  transformation  of  S.A.  Chaplygin  to  be  possible, 
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It  Is  sufficient  for  the  effective  pressure  P(p,  5)  =  p(p,  s)  +  h  /Stt 
(where  the  ordinary  pressure  p(p,  s)  Is  an  arbitrary  function  of  the 
density  and  of  the  entropy)  to  have  the  form 

Man(i5).  fa ({.;>».> -{VP, I*.  (2) 

where  n  Is  an  arbitrary  function  of  E.  The  first  two  components  of  the 
equation  of  motion  (the  system  (1)  —  solution  of  all  other  equations) 
Is  transformed  to  the  fons 


ae +2:''d«r + 


where  q>  Is  the  analog  of  the  two-dimensional  velocity  potential  and  6 
Is  the  angle  between  the  axis  and  Vcp. 

Putting  In  (1-3)  =  const,  v  =  0,  we  obtain  the  plane  flows  In 

the  presence  of  a  magnetic  field  perpendicular  to  the  pleme  of  the 


flow. 
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COlfPRIBUTION  TO  THE  THEORY  OP 
THE  MAGNETOHYDRODYNAMIC  PISTON 

I.  A.  Akhlezar,  Q.Ya.  I^barskly,  R.V.  Polovln 

Khar’kov 

The  types  of  waves  aj?ising  In  a  magnetohydrodynamlc  medlvim  with 
Infinite  conductivity  under  the  Influence  of  an  Ideally  conducting  pis¬ 
ton  moving  uniformly  In  It  are  determined.  Because  of  the  adhesion  of 
the  magnetic  force  lines  to  the  medium  and  to  the  piston,  the  relative 
velocity  of  the  madltim  on  the  surface  of  the  piston  Is  zero.  When  the 
piston  moves  In  a  normal  direction,  two  magnetic  sovind  shock  waves  are 
produced  on  the  side  of  the  liquid;  when  the  piston  moves  in  the  oppo¬ 
site  direction,  two  self-similar  magnetic  sound  leaves  are  produced; 
there  Is  no  Alfven  wave  in  either  case. 

The  problem  of  the  motion  of  a  piston  at  an  arbitrary  angle  to 
the  normal  Is  solved  for  the  case  \ifhen  the  magnetic  pressure  Is  appre¬ 
ciably  smaller  than  the  hydrostatic  pressure.  If  the  transverse  veloc¬ 
ity  component  of  the  piston  exceeds  the  velocity  of  sound  in  the  un¬ 
perturbed  medium,  then  a  magnetic  field  is  generated,  l.e.,  the  mag¬ 
netic  field  increases  from  infinitesimally  small  to  finite  quantities; 
in  this  case  the  magnetic  pressure  is  comparable  in  order  of  magnitude 
with  the  hydrostatic  one.  In  the  case  of  supersonic  velocities,  a 
vacuum  region  (cavitation)  is  produced  between  the  piston  and  the 
medium.  Compared  with  ordinary  hydrodynamics,  a  conducting  medium  is 
subject  to  additional  cases  of  cavitation  vfnen  the  piston  moves  In  a 
direction  perpendicular  to  the  normal  with  supersonic  velocity,  and 


also  when  the  piston  Is  Inserted,  provided  the  an^le  betv.’een  the  pis¬ 
ton  velocity  vector  and  the  normal  to  Its  surface  exceeds  70°  (for  an 
Ideal  gas).  An  Increase  In  the  component  of  piston  velocity  perpendicu¬ 
lar  to  the  normal  decreases  the  frontal  resistance.  In  the  presence  of 
cavitation,  the  frontal  resistance  Is  one  quarter’  as  small  as  In  the 
case  when  the  piston  moves  In  the  direction  normal  to  Its  surface. 

Uie  work  was  published  in  DAN  SSSR,  128,  684  (1959);  ZhETP,  38, 

529  (i960);  ZhETP,  38,  1544  (i960). 

ON  THE  "LAW  OP  ACTION  INVERSION" 

IN  MAGNETIC  GASDYNAMICS 

L.A.  VUlls,  P.L.  Gusll<n 
Alma-Ata 

The  equations  of  action  inversion  [1]  are  derived  for  the  general 
case  of  a  conducting  gas  for  an  arbitrary  form  of  the  equation  of 
state  and  in  the  particular  case  of  an  ideal  gas.  The  changes  In  flow 
velocity,  Mach  number,  temperature,  and  other  parameters  are  considered 
for  stationary  quasl-one -dimensional  flows. 

It  Is  shown  that  the  conditions  for  the  inversion  of  action  per¬ 
tain  to  the  transition  through  the  roagnetohydrodynamic  speed  of. sound 
a  =  +  a^,  where  a  Is  the  speed  of  soimd  In  the  absence  of  the 

fields  and  a  Is  the  speed  of  the  magnetic  sound  oscillations.  It  Is 
ra 

of  Interest,  however,  to  Investigate  also  the  conditions  of  the  transi¬ 
tion  through  the  hydrodynamic  speed  of  sound. 

Two  limiting  cases  of  flow,  for  large  and  small  values  of  the  mag¬ 
netic  Reynolds  number  Re^j^,  are  analyzed  In  detail.  In  the  first  case 
(Re^jj  »  1)  the  results  obtained  are  a  direct  generalization  of  the 
equations  of  ordinary  gasdynaaics,  with  a^  =  a^  +  V^,  where  Is  the 
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velocity  of  the  Alfven  v;ave.  In  the  second  case  «  1  and  a  =  a) 

the  conditions  for  the  transition  through  the  speed  of  sound  reduce 
essentially  to  those  considered  in  [2].  For  the  intermediate  case 
(finite  but  large  conductivity),  the  results  given  in  [3l  are  developed 
and  made  more  exact. 

The  main  results  of  the  vrork  is  a  generalization  of  the  law  of 
action  Inversion  to  Include  the  case  of  magnetic  gasdynamlc  flows.  A 
detailed  exposition  of  the  problems  considered  is  given  in  the  paper 
by  the  authors  ’’On  the  Inversion  of  Actions  in  Magnetohydrodynamics" 
(zhTP,  xm,  7,  8o6,  1961). 
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SOI-IE  PROBLEi-IS  IN  THE  THEORY  OP  SmPLE  WAVES 

R.  V.  Polovin 
Khar'kov 

The  Rlemann  invariants  in  magnetohydrodynamics  are  calculated  for 
the  case  when  the  magnetic  presswe  is  appreciably  smaller  than  the  hy¬ 
drostatic  pressure.  The  formulas  obtained  are  used  to  solve  the  prob¬ 
lem  involving  the  flow  of  a  plasma  in  vacuum  in  the  presence  of  a  mag¬ 
netic  field.  In  the  case  of  outgoing  flow,  three  magnetohydrodynamlc 
waves  propagate  in  the  plasma  while  an  electromagnetic  wave  is  radiated 
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in  the  vacuim.  I'he  Rlemann  invariants  obtained  mke  it  possible  to 
solve  the  problem  of  supersonic  notion  of  a  nasnatohyorodynamlc  piston. 

The  paper  vras  published  In  ZhSTP,  39,  2(8),  463  (I960);  ZhETP, 

39,  3(9),  657  (i960). 


•  • 

RELATIVISTIC  SHOCK  WAVES  IN  HAGNETOHYDROrUNAMICS 

L.M.  Kbvrlzhnykh 
Moscow 

The  properties  of  the  shock  adlabat  In  relativistic  magnetohydro- 
dynamlcs  zire  Investigated  for  the  case  of  perpendicular  shock  waves. 

In  several  limiting  cases  (strong  shock  wave)  simple  exjaresslons  are 
obtained  relating  the  values  of  the  thermodynamic  quantities  on  both 
sides  of  the  discontinuity.  The  possibility  Is  discussed  of  accelerat¬ 
ing  charged  particles  with  the  aid  of  shock  waves.  It  Is  shown  that  In 
the  ultrarelatlvistlc  case  of  perpendicular  shock  vraves  such  an  ac¬ 
celeration  Is  possible. 

The  paper  was  published  In  ZhETF,  39,  4,  1042  (i960). 


STRUCTURE  OF  LOW-INTENSm 
SHOCK  WAVES  IN  MAG!ETOHYDRODYNAMICS 

Ye.P.  Slrotina,  S. I.  Syrovatskiy 
Hoscow 

1.  The  problem  Is  considered  of  the  structure  of  weak  shock  waves 
of  arbitrary  type  [1]  In  a  vlsco’js  heat-conducting  medium  with  finite 
conductivity. 

2.  Accurate  to  second-order  terms,  the  system  of  magnetohydrody- 
namlc  equations  for  stationary  one-dlr.enslonal  flov;,  with  allowance,  of 


the  dissipative  terns,  reduces  to  an  equation  analogous  to  that  ob¬ 
tained  in  [2]  for  an  ordinary  gasdynaunlc  shock  vra.ve.  An  exception  Is 
the  vicinity  of  the  singular  point,  at  which  the  velocity  of  propaga¬ 
tion  of  the  discontinuity  illative  to  the  medlxim  Is  equal  to  the  Alfven 
velocity.  This  point  corresponds  to  a  rotational  discontinuity.  It  is 
obvloixs  that  a  rotational  discontinuity  cannot  be  stationary  In  the 
presence  of  dissipation,  since  the  boundary  conditions  for  such  a  dis¬ 
continuity  call  for  the  constancy  of  the  entropy.  In  contradiction 
with  the  fact  that  the  entropy  nnist  grow  as  a  result  of  dissipation. 

3*  Linearizing  the  equation  obtained,  we  can  determine  the  damp¬ 
ing  coefficient  of  small  amplitude  waves.  The  damping  coefficient  la 
Y  =  ak?*  where  Tc  la  the  wave  vector  and 


+(»*  +  €*)(»»>  + 


Here  v  Is  the  phase  velocity  of  the  wave  under  consideration  (see,  for 
example,  [1]),  u^  Is  the  Alfven  velocity,  c  Is  the  velocity  of  sound, 
p  is  the  density  of  the  medliun,  c^  and  Cp  are  the  specific  heats;  q 
and  i  are  the  first  and  second  viscosity  coefficients,  x  is  the  heat 
conduction  coefficient,  and  p  is  the  magnetic  viscosity. 

4.  Inclusion  of  terms  of  second  order  of  smallness  leads  to  the 
follciilng  expression  for  the  width  of  the  discontinuity  in  magnetchy- 
drodynamica 


pt—pi  • 

where  Pg  —  p^^  la  the  pressure  difference  away  from  the  discontinuity, 

_ (17«  — ft,*), _ 

V  =  l/p  and  the  derivative  Is  taken  at  constant  entropy  S. 
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5»  The  sane  expression  for  the  width  of  the  discontinuity  can  be 
obtained  from  qualitative  considerations,  by  considering  the  equilib¬ 
rium  between  tvro  processes:  the  diffusion  smearing  of  the  discontinuity 
under  the  Influence  of  the  effective  viscosity,  and  the  opposing  proc¬ 
ess  of  "entanglement"  of  the  discontinuity,  owing  to  the  difference  In 
the  velocities  of  the  disturbances  on  the  two  sides  of  the  discontinu¬ 
ity. 

The  paper  was  published  in  ZhETF,  39*  3(9)*  7^6,  i960. 
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SPECIAL  CASE  0?  INTERACTION  BETWEEN 
A  MAGNETIC  FIELD  AND  A  STRONG  SHOCK  WAVE 

Yu.L.  Zhilin 
Moscow 

A  shock  wave  giving  rise  to  Ionization  of  a  gas  Is  considered, 
with  the  conductivity  of  the  gas  equal  to  zero  outside  the  shock  wave, 
and  with  a  certain  region  inside  the  v;ave.  In  v;hich  electric  currents 
flow  and  the  electromagnetic  field  interacts  with  the  motion.  As  a  re¬ 
sult  of  this  Interaction,  the  temperature  of  the  gas  drops  and  the  con¬ 
ductivity  disappears. 

The  structure  of  such  a  wave  Is  analyzed  for  the  case  when  the 
gas  has  ordinary  and  magnetic  viscosities. 
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ABSORPTICII  OF  HAGIETCHYDHODYI'AI-IIC  \-}k'/ZS  HI  WAVEGUIDS3 

Yu.P.  Filippov 
Khar'kov 

A  paper  by  Gajewskl  [1]  Is  devoted  to  an  Investigation  of  magneto- 
hydrodynamic  vmives  of  infinitesimally  small  amplitude  in  waveguides 
filled  with  an  ideal  conducting  liquid.  However,  the  formalism  em¬ 
ployed  Is  unjustifiably  complicated  and  difficult  to  check.  Conse¬ 
quently  [1]  contains  several  incorrect  results.  In  pairtlcular,  it  Is 
shown  in  the  present  paper,  in  contrast  with  the  statement  made  in  [1], 
that  no  Alfven  wave  can  propagate  in  a  rectangular  waveguide  and  no 
Alfven  or  sound  wave  can  propagate  in  a  coaxial  waveguide. 

Hie  paper  presents  the  derived  dispersion  relations  for  magneto¬ 
hydrodynamic  waves  with  dispersion,  the  critical  frequencies,  and  also 
expressions  for  the  velocity  field  and  for  the  magnetic  field  Inten¬ 
sity  in  a  rectangular  and  in  a  coaxial  waveguide.  The  dependence  of 
the  absorption  coefficient  on  the  signal  frequency  and  on  the  medium 
and  waveguide  parameters  is  considered  for  the  propagation  of  waves  In 
a  conducting  medixira  having  viscosity  and  heat  conductivity. 
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MERIDIONAL  FLOWS  OF  A  CONDUCTEIG  LIQUID 

G.L.  Grcdzovskly,  A.N.  Dyukalov,  V.V.  Tokarev,  A.N.  Tolstykh 

Moscow 

It  Is  shown  that  a  broad  class  of  self-similar  solutions  exist  for 
the  magnetohydrodynanlc  equations  in  the  case  of  meridional  flow  of  a 
conducting  liquid.  Examples  of  several  exact  solutions  are  considered. 
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TUB3UIZ:?2  1LU:1  C?  A  CCISTJCTZrG 

E.P.  Fradkina,  A.V.  Xozyalcov 
Koscow 


I  A  HCI'IOPCLAR  EXGXiiZ 


A  study  Is  made  of  the  motion  of  solutions  of  cuprous  oxide  under 
the  Influence  of  crossed  electric  and  magnetic  fields  hetoeen  coaxial 
cylindrical  electrodes  (in  a  homopolar  engine)  at  Reynolds  numbers  R 
from  6000  to  60,000  and  at  different  ratios  of  the  electrode  radii  e  » 
=  ^2/^2’  dependence  of  the  resistance  coefficient  ^  on  R  and  e  is 

foxind  to  be  in  agreement  with  the  theory  of  turbulent  flow  of  liquids 
in  a  homopolar  engine  as  given  by  M.F.  Shirokov  and  Ye.P.  Vaulin. 


> 


CONCERNING  THE  STEADY  FLOW  OP  A 
CONDUCTDia  LIQUID  IN  A  RECTANGULAR  TUBE 

Ya.S.  Uflyand 
Leningrad 

1.  For  motion  of  a  viscous  incompressible  electrically  conducting 
liquid  in  a  prismatic  channel  in  the  presence  of  a  magnetic  field  per¬ 
pendicular  to  the  channel  axis,  the  equations  of  magnetohydrodynamics 
can  be  reduced  to  a  linear  system  of  two  differential  second-order 
equations.  In  this  case  both  the  flow  velocity  and  the  induced  magnetic 
field  have  only  a  single  component  directed  along  the  channel  axis. 

2.  In  the  case  of  a  tube  of  rectangular  cross  section,  a  simple 
solution  can  be  obtained  for  two  limiting  cases,  when  the  channel 
v/alls  have  either  very  small  or  very  large  conductivity. 

3.  An  exact  solution  of  the  problem  v:a3  found  with  the  aid  of 
Fovirier  series  for  the  case  of  ideally  conducting  tube  '•.’alls.  The  form 
of  the  solution  obtained  is  convenient  for  numerical  calculations  aimed 
at  determinirg  the  influence  of  the  lateral  '.sails  of  the  tube,  since 


4 


*  « 
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the  part  of  the  solution  corresponding  to  the  one-dlmenslonal  mode  has 
been  separated  out. 

PLANE  PROBI£M  OP  FLOW  OP  INCOMPRESSIBLE  LIQUID 
OP  FINITE  COIEDUCTIVITY  AROUND  A  SOLID  BODY 
IN  A  PERPENDICULAR  MAGNETIC  FIELD 
K.A.  Lur'ye 
•  Leningrad 

In  the  case  considered,  the  magnetic  field  does  not  Influence  the 
velocity  distribution,  which  Is  obtained  by  solving  the  corresponding 
hydrodynamic  problem.  Nondetached  flow  is  assumed. 

The  magnetic  field  is  determined  from  the  induction  equation.  The 
latter  can  be  reduced  by  mapping  In  the  complex  potential  plane  to  a 
form  that  Is  Independent  of  the  velocity  distribution  in  the  flow.  The 
boundary  condition  for  the  magnetic  field  in  the  complex  potential 
plane  are  specified  on  straight-line  segments  if  the  flow  is  around 
obstacles  of  finite  dimensions,  and  on  rays  in  the  opposite  case.  The 
shape  of  the  obstacle  does  not  play  any  role  in  this  case. 

As  an  example,  symmetrical  frontal  flow  around  a  parabolic  dielec¬ 
tric  profile  Is  considered.  The  magnetic  field  is  produced  by  cvirrent 
flowing  out  of  a  wire  placed  in  a  channel  specially  made  in  the  dielec¬ 
tric. 

The  paper  was  published  In  ZhTF,  XXX,  6,  73^,  I960;  9,  i960. 
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ESTH-IATE  OF  THE  IIIFLUEIICS  OF  THE  EARTH'S  MAGJETIC  FIELD 
0:i  THE  TURBULSHCE  III  THE  LOWER  IONOSPHERE 

G.S.  Golitsyn 
Moscow 

The  author  has  shown  prevlotisly  (DAN  SSSR,  132,  2,  i960)  that  the 
density  of  the  random  currents  Induced  In  the  turbulent  flow  of  a 
poorly  conducting  liquid  (magnetic  viscosity  much  larger  than  the  kine¬ 
matic  viscosity)  Is  In  a  weak  magnetic  field  a  locally  homogeneous 
random  quantity,  l.e.,  like  the  velocity  or  a  passive  Impurity,  It  la 
determined  locally.  Independently  of  what  goes  on  on  large  scale.  This 
theory  makes  It  possible  to  determine  the  conditions  \inder  which  one 
can  neglect  the  reaction  of  the  magnetic  field  on  the  turbulence.  Vio¬ 
lation  of  these  conditions  should  be  regarded  as  an  Indication  that 
the  Influence  of  the  magnetic  field  may  prove  to  be  appreciable  for 
the  dynamics  of  the  medliun.  These  premises  were  applied  to  an  analysis 
of  specific  conditions  of  the  upper  atmosphere  and  It  ^ras  shown  that 
the  Influence  of  the  magnetic  field  on  the  turbulence  In  the  Ionosphere 
Is  Insignificant  up  to  heights  on  the  order  of  150  km. 


EFFECTIVENESS  OF  LOCAL  MAGNETIC  FIELD  IN  SOLAR  CORONA 

E. I.  Mogilevskiy 
Moscow  Oblast 

1.  Calculation  of  the  propagation  of  local  magnetic  fields  of  the 
solar  photosphere  in  the  region  of  the  upper  chromosphere  and  of  the 
corona,  taken  In  the  form  of  magnetohydrodiTiamlc  and  magnetic-sound 
waves  In  accordance  with  the  Ferrairo  scheme,  has  sho’.m  that  a  magnetic 
field  cannot  propagate  in  this  manner  above  the  middle  chromosphere. 

2.  The  local  magnetic  field  of  the  active  region  may  be  "carried 
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out"  by  solar  plasna  clouds  riovlns  out  of  the  chirono sphere  Into  the 
corona.  In  this  case  the  mgnetic  field  In  the  cloud  nay  becone  appre¬ 
ciably  Intensified.  A  qualitative  examination  can  be  made  of  the  inter¬ 
action  of  such  a  cloud  with  the  varying  magnetic  field  of  the  active 
region.  This  enables  us  to  Judge  v;hether  the  sun  can  eject  geoeffective 
streams. 


3.  At  large  distances  from  the  sun  (>3-4  I^)  and  near  the  earth 
(>4  R^)  the  quasl-statlonary  magnetic  field  does  not  change  appreciably 
the  parameters  of  the  corpuscular  solar  streams. 


EFFECT  OF  THE  MAGNETIC  FIELD 
ON  MOTION  IN  CHROMOSPHERIC  FLARES 

S.I.  Gopasyuk 
Crimea 

Tae  development  of  chromospheric  flares  is  characterized  by  two 
.  stages;  Initial  —  expansion  independent  of  the  field  direction,  and 
subsequent  —  motion  directed  essentially  along  the  magnetic  field. 
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GENERATION  OP  COSMIC  RAYS 
III  A  SOLAR  FLARE 

A.B.  Severnyy,  V.P.  Shabansldy 
Moscow 

It  Is  asstoned  that  the  solar  flare  is  none  other  than  a  reflected 
shock  wave  outgoing  from  the  region  of  the  neutral  point  of  the  mag¬ 
netic  solar  fields;  the  shock  wave  energy  cones  from  the  opposing 
plasma  motion  brought  about  by  a  change  in  the  magnetic  field  In  the 
sun  spots.  An  estimate  of  the  temperature  of  the  medium  behind' the 
front  of  the  reflected  shock  wave,  based  on  e:^erlmental  data  concern¬ 
ing  the  rate  of  e;^ansion  of  the  flare  region  with  allowance  for  the 
fact  that  the  front  propagates  In  a  plasma  moving  tov/ard  the  neutral 
point,  shows  that  In  strong  flares  the  temperature  can  be  sufficiently 
high  to  effect  thermonuclear  fusion  of  the  deuterium  nuclei  present  In 
Insignificant  amounts  in  the  solar  chromosphere.  The  products  of  these 
and  of  the  secondary  thermonuclear  reactions  have  sufficient  energy  to 
satisfy  the  necessary  conditions  for  the  acceleration  of  the  particles 
upon  reflection  from  the  approaching  magnetic  mirrors  under  the  condi¬ 
tions  of  the  solar  flare.  The  role  of  magnetic  mirrors  is  played  here 
by  regions  with  large  magnetic  fields  vmich  extend  inside  the  sun  spots 
It  is  sho;vn  convincingly  that  the  minimtim  injection  energy  of  the  par¬ 
ticles  entering  the  region  bet'.^een  these  magnetic  mlrrors,^  necessary 
to  satisfy  the  acceleration  conditions,  coincides  precisely  with  the 
energy  of  the  thermonuclear  reaction  products.  There  are  also  other  in¬ 
dications  that  a  thermonuclear  reaction  occurs  in  strong  flaires. 
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E3tlra.te3  ba3ed  on  the  picture  so  developed  give  satisfactory 
agreement  with  the  experimental  data. 

Other  acceleration  mechanisms,  which  are  compatible  with  this 
flare  model,  are  considered:  the  Fermi  statistical  mechanism,  accelera¬ 
tion  between  two  approaching  magnetic  mirrors  with  field  directed  per¬ 
pendicular  to  the  plane  of  the  mirrors,  acceleration  of  a  particle 
passing  through  the  front  of  the  shock  wave  In  a  magnetic  field,  and 
acceleration  between  the  fronts  of  collapsing  magnetohydrodynamlc  shock 
waves.  It  Is  shown  that  these  mechanisms,  which  can  play  a  certain 
role  In  other  objects,  are  little  effective  compared  with  the  first- 
order  Fermi  acceleration  mechanism  under  the  conditions  of  the  solar 
flare. 
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FORMATION  OP  ACTIVE  REGIONS  IN 
THE  PRESENCE  OP  A  MAGNETIC  FIELD 


S.B.  Pikel'ner 
Moscow 

The  active  regions  on  the  sun  are  closely  related  with  magnetic 
fields.  Even  an  Intensity  of  1-2  oersted  gives  rise  to  torches,  floc- 
culas,  coronal  rays,  and  streams  of  geoactlve  particles.  A  mechanism 
Is  proposed  whereby  the  convection  becomes  more  Intense  In  the  pres¬ 
ence  of  the  fields,  so  that  the  Indicated  formations  can  appear.  Ihe 
mechanism  Is  connected  with  the  suppression  of  turbulence  In  convec¬ 
tive  streams,  so  that  the  turbulent  viscosity  Is  decreased.  High  lati¬ 
tude  torches,  the  prominent  wind  from  the  sun,  and  other  phenomena  are 
given  a  natural  e:q)lcinatlon. 


THEORETICAL  PROBLEMS  IN  PLASMA  PHYSICS 


SOME  PROBLEMS  IN  RELATIVISTIC  GASDYNAMICS 
OP  CHARGED  PARTICLES 

V.N.  Tsytovlch 

Mosccjw  . 

• 

§1.  INTRODUCTION 

The  relativistic  motion  of  conducting  gas  masses  has  several  spe- 
clflc  features.  Thus,  for  example,  V.I.  Veksler  [1]  showed  that  In 
collisions  between  an  Ionized  mass  and  a  condensation  of  magnetic 
force  lines  the  Ions  tr^sfer  a  considerable  part  of  their  energy  to 
the  electrons,  which  become  relativistic.  This  means  that  even  at  neg¬ 
ligibly  low  frequency  of  collisions  between  the  electrons  and  the 
Ions  (l.e.,  high  conductivity).  In  a  reference  frame  that  moves  to¬ 
gether  with  the  given  gas  element,  E  +  [vH/c]  ^  0  and  Is  determined  by 
the  Inertia  force,  the  value  of  which  can  become  large  in  the  ultra- 
re  latlvistic  limit,  owing  to  the  relativistic  Increase  In  mass.  Conse¬ 
quently  the  flux  of  the  magnetic  field  through  a  liquid  contour  Is  not 
conserved  and  the  adhesion  of  the  magnetic  force  lines  is  violated. 

Thus,  one  of  the  unique  features  of  relativistic  motion  of  con-  * 

ducting  gas  masses  is  the  possible  violation  of  the  freezing  in  of  the 
magnetic  field  force  lines.  As  a  consequence  of  this,  it  becomes  im¬ 
possible  to  describe  such  a  motion  with  the  aid  of  equations  contain¬ 
ing  the  two  vectors  T  and  %  the  hydrodynamic  velocity  and  the  magnetic 
field  (the  vectors  of  relativistic  magnetic  gasdynamlcs) .  This  remark 
pertains  In  particular  to  nonstationary  processes,  for  which  the  force 
of  inertia  in  the  accompanying  reference  frame  may  be  large. 
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Another  qualitative  difference,  also  connected  with  the  creation 
of  relativistic  electrons,  is,  as  is  well  knovm,  the  possible  viola¬ 
tion  of  electric  neutrality,  even  in  the  stationary  state.  Thus,  a  col¬ 
lective  effect  la  produced  resulting  from  the  action  of. the  summary 
electric  field  produced  by  the  gas. 

To  investigate  these  effects  of  relativistic  motion  of  conducting 
masses.  It  is  advantageous  to  turn  to  relativistic  two-component  gas- 
dynamics  In  electromagnetic  fields.  Zn  the  present  paper  we  consider 
several  general  problems  in  relativistic  gasdynamlcs  of  charged  par¬ 
ticles.  We  find  an  analog  of  potential  motion  in  the  presence  of  ’’rela¬ 
tivistic  current”  and  In  Its  absence,  and  consider  several  one-dlmen- 
slonal  nonstationary  motions.  Problems  of  relativistic  gasdynamlcs  of 
a  neutral  gas  were  considered  by  I.M.  Khalatnlkov  [2].  In  §2  of  the 
present  article  we  follow  [2]  closely,  and  generalize  the  correspond¬ 
ing  results  to  the  case  when  self-consistent  and  external  electromag¬ 
netic  fields  are  present. 

§2.  SOME  GENERAL  PROBLEMS 

The  relativistic  motion  equation  for  one  of  the  components  of  a 
gas  of  chcirged  particles  situated  in  an  electromagnetic  field  has  ob¬ 
viously  the  form 


an, 


djt. 


(1) 


where  [3]  energy  in  the  momentum  tensor, 

u^  is  the  4  velocity,  p  is  the  pressure,  w  =  e  +  p  is  the  heat  function 
per  unit  volume,  e  is  the  internal  energy  per  unit  of  the  medium's  own 
volume,  =  enu^  is  the  current  produced  by  the  particles,  n  is  the 
proper  density,  v  is  the  three-dimensional  velocity  (the  velocity  of 
light  _c  is  assumed  equal  to  unity),  is  the  electromagnetic  field 
tensor,  and 
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Talcli:^  Into  account  the  fact  that  we  obtain  as  a  conse¬ 

quence  of  (l)  the  conservation  of  the  entropy  per  unit  of  own  volime, 
a,  along  the  particle  trajectory: 

where  d/ds  =  u^(VS;^)  is  the  substantial  derivative  with  respect  to 
the  proper  time.  Confining  ourselves  to  Isentroplc  motion.  Introducing 
the  heat  function  per  particle  W  =  w/n,  and  taking  Into  account  the 
thermodynamic  Identity  dW  =  (l/n)dp,  we  can  represent  Eq.  (1)  In  the 


simple  form 


d  dW  ,  - 


Let  us  find  the  analog  of  the  potential  motion  for  a  gas  of  charged 
particles  In  an  electromagnetic  field.  As  was  shown  by  I.M.  Khalatnlkov 
[2]  and  Prankel'  [4],  the  relativistic  analog  of  potential  motion  of  a 
neutral  gas  Is  Wu^  =  It  Is  easy  to  generalize  this  result  to 

Include  the  presence  of  electromagnetic  fields.  Introducing  the  4  poten¬ 
tial  of  the  electromagnetic  field  ~  we  can 

note  that  Eq.  (3)  has  solutions  of  the  following  form 

+  (4) 

The  fourth  of  the  relations  (4)  Is  the  analog  of  the  Eernculll  equc.- 
tlon.  For  a  one-dlmenslonal  stationary  case,  the  condition  (4)  Is  £.1- 
ways  satisfied;  In  other  words,  one -dimensional  motion  Is  always  "quasl- 
potentlal."  Argxinents  analogous  to  those  In  [2]  enable  us  to  obtain 
from  the  equations  of  motion  the  relations 

■~lvr,u  +  eA,)^-^^(Tu,  +  eA,).  (5) 

thus  proving  the  "quaslpotentlal  nature"  of  the  motion.  Let  us  consider 
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now  the  case  of  one-dlnenslonal  notion  in  the  presence  of  a  current 
perpendlculEtr  to  the  direction  of  motion,  as  referred  to  in  the  intro¬ 
duction.  Vte  can  asstune  that  the  charged  liquid  considered  here  Is  an 
electron  gas,  the  charge  of  which  is  partially  or  completely  neutral¬ 
ized  by  the  Ion  gas,  the  contribution  of  which  to  the  current  density 
can  be  neglected.  We  assme  that  all  the  quantities  dependent  only  on 
and  x^,  and  In  addition,  since  u^  0,  we  also  have  ^  0.  Then 
the  equations  of  motion  (3)  projected  on  the  3  axis  yields 

Equation  (7)  Is  the  analog  of  Ohm's  law,*  but  the  left  half  of  the 
equation  Is  determined  not  by  the  friction  force  but  by  the  Inertia 
force.  Owing  to  the  Inertia  force,  noticeable  electric  fields,  which 
do  not  satisfy  the  relation  =  — vHg,  may  arise  in  the  ultrarelatlvls- 

tlc  limit.  Instead  of  finding  the  connection  betvreen  Hg  and  E^,  which 
follows  from  (7),  It  is  convenient  to  find  the  condition  Imposed  on 
the  potential  A^.  Equation  (6)  can  also  be  written  in  the  form 

+  +  =0.  (8) 

In  other  words,  the  quantity  Wu^  +  eA^  =  p^  is  conserved  along  the  tra¬ 
jectory  of  particle  motion.  This  result  is  valid  not  only  for  one- 
dimensional  motion.  To  satisfy  (3)  it  is  sufficient  that  all  the  quan¬ 
tities  be  independent  of  ("cyclic  coordinate").  If  the  inertial 
term  Wu^  can  be  neglected,  then  the  conservation  law  (8)  reduces  to 
the  conservation  of  the  flux  through  the  liquid  contour  (A^  -  <&).  If 
at  the  Initial  Instant  of  time  p^  is  constamt  for  all  points,  it  re- 
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mains  constant  in  all  succeeding  Instants  of  time.  Such  one-dlmenslonal 
nonstationary  motion  Is  also  always  quaslpotentlal.  Indeed,  the  first 
equation  of  (3)  can  In  this  case  be  represented  In  the  form 


/I  I  ^  I  nr 

(OA,  «)d,\  , 

We  use  for  the  transformation  of  (9)  the  relations 

and  the  relations  e(5A2/3x2)  =  — u^CSw/dx^^)  —  which  follow 

from  Wu^  +  eA^  =  const.  Then  (9)  is  reduced  to  the  form 


which  proves  the  quaslpotentlal  nature  of  the  motion.  For  three-dimen¬ 
sional  motion  there  exists  a  generalized  Thomson  theorem  on  the  con- 
servatlon  of  the  circulation  of  the  velocity 


d  d 

where  P„  =  f,iv  — 

In  the  derivation  of  the  last  equation  we  made  use  of  Eq.  (6),  of  u^  = 
=  du^^Xy  =  0,  and  of  the  Maxivell  equation  (SP^^^y/dx^)  +  (SP^j^/Sx^)  + 

+  =  0.  In  the  nonrelativistlc  limit  we  have  V-  m;  u^^  »  v; 

u^  »  1;  In  the  absence  of  electromagnetic  fields,  (11)  reduces  to  the 
well-kno^m  conservation  of  the  circulation  along  a  liquid  contour 


^  rot  K  =  (rot  V.  V)  V~  rot  P div  V.  ( 12) 

§3.  SOME  ONE-DEENSIOIIAL  PROBLEM 

a)  ^oblem  of  Relativistic  Scattering  of  a  Layer  of  Charged  Particles 
In  Vacuum 

The  problem  of  the  relativistic  scattering  of  a  layer  of  neutral 
gas  In  vacuum  was  first  solved  Tvlth  logarithmic  accuracy  by  L.D.  Landau 
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[5]  In  connection  with  the  hydrodynnnic  theory  he  proposed  for  multiple 
particle  production  in  the  collision  of  high-energy  nucleons.  Subse¬ 
quently  I.H.  Khalatnlkov  [2]  shewed  that  the  one -dimensional  problem 
of  relativistic  hydrodynamics  (uslr.5  a  certain  transformation  that  he 
Introduced)  can  be  reduced  to  the  problem  of  integrating  a  linear  dif¬ 
ferential  equation  with  constant  coefficients,  and  also  found  an  exact 
solution  of  the  problem  of  the  relativistic  scatter  of  a  neutral  layer 
of  gas  in  vacuum. 

In  the  problem  of  the  disintegration  of  a  cluster  of  charged  par¬ 
ticles,  the  collective  interaction  of  the  summary  electric  field  pro¬ 
duced  by  the  particles  may  exert  a  decisive  Influence  on  this  disin¬ 
tegration. 

In  one -dimensional  motion.  It  is  advantageoxis  to  write  down  the 
four-velocity  components  in  the  form  (see  [3)) 

=  Ma^chTj;  x«  =  fx#. 


OSien  the  equations  of  motion  (3),  the  continuity  equation,  and  Max¬ 
well's  equations  can  be  written  in  the  form 


,,  -f  /A  n  A  IP  sh ^  _  eE  =  0. 


chr,  dxi 
deE 


deE  .  . 


(14) 


Let  us  consider  the  limiting  case  of  the  scattering  of  a  charged  layer 
of  cold  gas  into  a  vacuum. 

For  nonrelatlvlstlc  temperatures  and  a  monatomic  gas  we  have 


where  Tq  and  Uq  are  certain  initial  values  of  the  temperature  and  den¬ 
sity  of  the  gas,  m  is  the  rest  energy  (mass)  of  the  particle,  and  c  = 
=  k  =  1. 
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By  virtue  of  the  proof  given  above,  the  one-dlnenslonal  motions 
are  always  "quasipotential”:  Vfuji^  = -eA^^  + 

+  (37/3x^).  Using  the  gaxjge  invariance,  we  can  put  0  =  0;  both  the 
field  and  the  motion  of  the  gas  are  then  described  only  by  the  poten> 
tlals  and  Aq  =  — 1A^.  The  electric  fields  are  expressed  In  simple 
manner  through  , 

W  and  u  2  =  1^1  +  u^), 

(16) 

From  the  last  two  equations  of  (14)  we  can  obtain  as  a  consequence 


T 


dE 


=  0. 


(17) 


<»•*«  + 

To  solve  the  posed  problem  of  relativistic  scatter  of  a  charged  layer, 
it  Is  convenient  to  determine  not  u  as  a  function  of  and  Xq,  but  x^ 
as  a  function  of  Xq  and  u;  Xj^  =  ^(xq,  u).  Putting  9\^/Su  ^  0  and  x  = 

H  eE(xQu)/m,  we  transform  (ij)  to  the  variables  Xq  and  u: 

±L  +  -L/-  ii- + _JL-\ = 0.  ( 18) 

da 

We  make  a  similar  transformation  for  (16): 


The  coefficient  of  B|x/Su  in  (18)  can  be  expressed  in  terms  of  x  (19) 
accurate  to  terms  of  first  order  in  Tq/h.  We  obtain  in  place  of  (18) 
and  (19) 


where 


dx,^''0a 


m  On' 


fj.r 


'Ou 


m  da' 


(20) 
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o 


/  ‘^>A 

. 

1  I  a  /  th  i>:t  I'x,. 

2*  3  H  \  0:t  0-'^  , 

.  1  1  drt 

UJ 

’  3  n  d  '/  du 

\  «>«  / 

'  du 

(21) 

The  density  n  should  be  expressed  in  (20)  In  terms  of  x 

I  uit.  ,  (22) 


On  «* 

— :  r»  =  4.t  — . 

On 


Inasmuch  as  Tq  «  m,  the  solutions  of  the  system  (20-22)  can  be  sought 
In  the  form  of  ©jqpanslons  In  the  parameter 


(23) 


We  confine  ourselves  only  to  two  terms  of  the  expansion  (23)i 

_ tt 

Oxa 


^  -O-  iti-l-v  - 

dx^ iJa  '  dXg^^'^du 


^a-4-y  :^A=.C 


.^'0 


du 


du 


4.V  +y  !^  =  G 

/)»  '^0  t)a  * 


djr, 


du 


du 


(24) 


~  ['hi  I 


/^T«9^ 

c)«**  drt’“*  ~0x„ 


1  ,  «  /  JTq  \  ,  1  +  u*  1 

I2'*’3h<^\  dxo  dll  ^  I '^3  /i" 

\  da 

1  nir  (25) 

da 

We  see  that  the  system  (24)  for  the  zeroth  approximation  of  the  func¬ 
tions  Xq  ^0  linear  (the  linearity  of  the  equations 

for  the  higher  approximations  is  trivial).  Besides,  the  system  of  equa- 


tlons  (24)  can  be  solved  successively,  since  the  boundary- or  initial 
conditions  for  Xq  can  be  specified  independently  from  physical  con¬ 
siderations,  since  X  coincides  with  the  magnitude  of  the  electric  field 
accurate  to  the  constant  e/m.  From  the  determined  value  of  x 
find  the  solution  of  the  second  equation  of  (24). 

Let  us  give  the  results  of  an  analysis  of  the  scattering  of  a 
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charged  layer  of  thickness  2^.  We  assune  that  at  the  Initial  Instant 
of  time  =  0  the  gas  density  Is  zero,  with  the  exception  of  a  layer 
— 1  <  <  1,  where  It  Is  constant  and  equal  to  tIq.  The  electric  field 

Inside  the  layer  Is  assxaned  to  he  static  at  the  Initial  Instant  of 
time  (linearly  dependent  on  x^) 

u  =  vy  =  v/nQFQXQ,  where  v  Is  the  hydrodynamic  velocity.  Putting  t  = 
a  Xj^,  we  obtain  an  Implicit  expression  for  the  velocity  v  as  a  func¬ 
tion  of  x^  and  Xq.  The  solution  (26)  holds  true  when 

The  equality  sign  corresponds  to  the  motion  of  the  layer  boundary. 

When  Xq  «  l^nQrQ  the  boundary  of  the  layer  moves  with  uniform  ac¬ 
celeration  and  when  Xq  »  I/^PqTq  It  moves  Inertlally.  In  the  nonrela- 
tlvlstlc  limit  7  =  1  +  e,  e  «  1  It  follow!  from  (26)  that 

,  =  (27) 

2(l+jw?) 

The  particle  energy  Increases  quadratlcally  away  from  the  center  of 
the  layer.  At  a  fixed  point  It  first  Increases  In  time,  and  then  de¬ 
creases.  The  latter  Is  due  to  the  fact  that  when  Xq  Is  large  slow  par¬ 
ticles  start  arriving  at  a  given  point  from  the  center  and  these  could 
not  acquire  large  energies  In  the  weak  self-consistent  field  at  the 
center,  whereas  the  fast  particles  move  away  from  this  point.  The  cl.ar- 
acteristlc  time  Interval  for  the  buildup  of  energy  at  a  given  point  Is 
^2/xiqTq.  If  Xq  «  1/^QrQ  and  2nQrQl^  «  1,  then  the  maximum  values 
of  the  particle  energy  on  the  layer  boundary,  =  nQr^x^^/2  «  1, 

are  nonrelativlstlc.  When  nQrQl  »  1  and  1  »  Xq  »  the  quan¬ 
tity  — _  beccmes  relativistic.  It  Is  also  easy  to  obtain 
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the  distribution  over  the  energies  In  the  ultrarelatlvlstlc  llnlt.  The 
result  Is  as  follows:  the  energy  Increases  linearly  v:ith  Increasing  x. 
The  distribution  of  the  pau?tlcle  density  can  be  obtained  with  the  aid 
of  (25) 

^ _ 1 _ _ 

- 

To  determine  the  region  of  applicability  of  the  results  we  used  (23-25) 
to  obtain  the  next  approximation  In  To/m:  the  criterion  obtained  was 
To/m  «  nQTQ^,  The  procedure  described  here  was  used  also  to  solve 
problems  Involved  In  the  scattering  Into  vacuum  of  density  distribu¬ 
tions  of  other  forms,  particularly  of  a  stratified  structure, 
b)  Collisions  Between  Charged  Layer  and  a  Constant  Electric  Field 


We  assume  that  at  the  Initial  Instant  Xq  =  0  there  exists  a  dis¬ 
integrating  layer  of  thickness  21,  moving  with  initial  relativistic 
velocity  u  »  1  toward  a  constant  electric  field  eEjj/m  =  Xh(*i)*  Neg¬ 
lecting  the  temperature  effect  and  using  the  gauge  Invariance,  we  ob¬ 
tain 


^+prb^“''-  ^  .  (3°) 

Introducing,  as  above,  x^  =  tJ'Cxq,  u),  v/e  transform  (29)  and  (30)  Into. 

^  +  fx  +  X.) ^  ^  +  (X  +  xo)  ^31) 

A  solution  of  this  system  for  the  problem  under  consideration  can  be 
obtained  In  parametric  form  (the  parameter  t  varies  between  the  limits 

iVl  +  u|  <  t  <  1  /l  +  u^): 


j  (r-/)  +  /  di' 

J  |/ +  z«(o  +  f  -I 


•  (32) 
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(33) 


9 

iT+i?  -  7m  (0  (;  -o+f  7jy)<iy. 


where  XjjC^)  Initial  distribution  of  the  layer's  os-m  electric 

field  Inside  the  layer. 

For  an  Initial  density  n^  that  Is  constant  along  the  layer,  we 
have  Xh  =  calculation  of  (32)  even  for  an  external  field 

that  Increases  linearly  with  distance  already  leads  to  elliptical  ln> 
tegrals.  * 

c)  Collision  Between  Charged  Layer  and  a  Constant  Magnetic  Field 

A  magnetic  field  gives  rise  to  a  current,  l.e.,  to  a  component 
In  the  velocity  of  the  electron  gas.  We  asstune  that  at  the  Initial  In¬ 
stant  of  time  :=  0  and  that  there  Is  no  magnetic  field  Inside  the 
layer  (A^  =  O).  Hence,  If  we  neglect  temperature  effects,  we  obtain  by 
virtue  of  the  proof  above  that  u^  =  -eA^/m.  We  consider  a\jcase  when 
the  screening  of  the  external  field  by  the  produced  current  . is  small 
and  we  assume  that  ~  =  — eA^{xj^)/m,  where  A2(Xj^)  is  the  potential 

of  the  external  field.  Proceeding  to  find  x^^  =  u),  we  obtain  for 

small  temperatures 


dl  .  ( _ . 

r  i'i+«- + w;-  H-  u-  +  li'f 

_ "S _ 

‘>•*0  ‘  \  I ’1-^,^- 4- Hilda 


(34) 

(35) 


where  Hg  =  — Is  the  external  magnetic  field  and  x  =  eE/ra  is  the 
own  electric  field.  The  solution  of  the  systems  (34,  35)  for  the  case 
when  the  layer  21  moves  at  the  Initial  Instant  of  time  with  relativis¬ 
tic  velocity  xjjj  »  1  toward  a  magnetic  field,  has  the  form 

I'i  -}-  «*+  -  \'T^„  =  (I  - 1)  rAO, 

VTT^H+Aittmy-n 


h'\  ■i->‘},  +  7MU)  - 1 
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For  a  magnetic  field  that  Increases  linearly  with  the  distance, 
calculation  of  (37)  leads  to  elliptic  Integrals.  In  the  case  of  a  Jump 
In  the  magnetic  field,  the  calculations  can  be  carried  through  to  con¬ 
clusion. 

In  conclusion  I  consider  It  my  pleasant  duty  to  thcuik  V.  I,  Veks¬ 
ler,  M.S.  Rabinovich,  and  A. A.  Ruldiadze  for  fruitful  dlscijaslons  of 
the  results  of  the  work. 
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[Footnote] 

At  relaijivlstlc  relative  velocities  the  friction  term  caus¬ 
ing  the  momentum  transfer  from  the  electrons  to  the  Ions  Is 
negligibly  small. 
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PLANE  AND  CYLINDRICAL  WAVES  IN  A  MEDIUM 

WITH  FINITE  CONDUCTIVITY  * 

L.B.  Levitin,  M.  I.  Kiselev,  K.  P.  Stanyukovlch 

Moscow 

The  Investigation  of  the  convergence  of  shock  waves  was  first 
started  by  L.D.  Landau  and  K. P.  Stanyukovlch  In  19^4  (see  K.P.  Stanyu¬ 
kovlch  "Nonsteady  Flow  of  Continuous  Media,"  Gostekhlzdat,  1955,  §64). 

These  Ideas  were  subsequently  used  by  A.D.  Saldiarov  and  I. Ye.  Tamm 
to  obtain  high  temperatures  on  the  axes  of  a  converging  cylindrical 
wave  In  a  plasma.  However,  preliminary  calculations,  Md  also  later 
work  (for  example,  by  S.M.  Osovets  and  M.A.  Leontovlch)  were  based  on 
the  notion  of  a  plasma  as  an  Ideally  conducting  medium.  In  fact,  in  a 
weakly  conducting  plasma  there  are  dissipative  losses  (Joule  heat  Is 
released),  and  this  leads  during  the  course  of  the  experiments  to  con¬ 
siderably  lower  temperatures  than  e;q?ected.  The  radiation  produced  upon 
convergence  of  a  shock  wave  also  leads  to  a  decrease  In  the  temperature. 

In  the  present  paper  we  attempt  to  consider  the  problem  of  com¬ 
pression  of  a  plasma  with  allov/ance  for  finite  conductivity  of  the 
medium. 

1.  FUlOAMENTAL  EQUATIONS 

The  fundamental  equations  describing  the  motions  of  the  medium 
with  finite  conductivity  can  be  wit  ten  in  the  following  form  [1]: 

^  ^  i"  S'"  J  ^ 

^+?divu«0.  [urot^]  =  xA^  (1) 
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Here 


,4+3)  ,v 

-¥ 

B  I'liTi  rot  v;  cE^—  i'4n:i  ;  x  =  ^1*-- . 

Eliminating  if  =  B^m-J  ?*  we  arrive  at  a  system  of  four  equations 

d/t 

f  ^  -r  grad  p  +  [rot  ff  A.rf  =  0. 

/('+t)  4.- 

^  At  dt^'dt-^* 

^^  +  ?‘l>v“==0,  (2) 


=^[iirot<f]-}-xAig. 


Besides,  for  any  medlvun 


di  =  fvdr+  ^  ^ 

In  the  case  of  an  Ideal  gas  1  =  kp/(k  -  l)p,  where  Ic  =  Cp/cy. 

For  motions  with  central  symmetry  [plane  waves  (N  =  O)  and  cylin¬ 
drical  waves  (N  =  1)],  the  fundamental  system  of  equations  (1)  has  the 


form 


dt  dr  "  “ 


Here  m  =  1  If  H  =  H-.,  E  =  E_,  <?  =  '?_  and  ra  =  0  If  H  =  H_,  E 

O  2  M  Z 

-  <Pg.  With  this 


Eg,  9 
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By  ellmlnatlns  E  and  B  (and  H)  v;e  can  revirlte  this  systen  of  equations 
In  the  form  (with  p.  =  const) 

(Oa  Dit\  ,  dp  , 

<5) 

— w' 


To  find  approximate  solutions  of  the  system  (5),  we  use  the  same  pro- 
cedxxre  as  for  the  one -dimensional  case  [2,  3l» 

We  first  investigate  the  last  equation  of  the  system  (5),  which 
we  now  write  In  the  form 


dt  ~  dr  \di^  ^  r  dr) 


(6) 


where  for  N  =  1  and  m  =  1  we  have  5  =  q)  and  we  choose  the  plus  sign, 
while  for  m  =  0  we  have  5  =  'Pr  and  we  choose  the  minus  sign.  When  N  =  0 
we  have  ?  =  <p.  This  expression  Is  conveniently  written  In  the  form 

(7) 


dt  +  dr  di^' 


where 

U*=U^yX,  (8) 

The  equation  written  out  in  this  form  Is  perfectly  analogous  to  the 
equation  describing  one-dlmensicnal  notions  of  the  medium. 

To  solve  Eq.  (7)  we  can  employ  various  methods.  V.’e  shall  use  the 
method  developed  in  the  papers  by  G.A.  Skurldln  and  iC.P.  Stanyukovlch 
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(9) 


(2,  31. 


We  assume  that 


i^A(r.  t) 


then  Eq.  (7)  can  be  rewritten  In  the  form  of  two  equations 


We  assume  now  that  u  can  be  sufficiently  large,  such  that  we  can 
neglect  the  first  term  of  the  right  half  of  Eq.  (10)  comp2u?ed  with  the 
second.  We  assvtme  further  that  <coo?(5f/3r)^  =  R®(r)T^(t),  and  then  we 
can  rewrite  this  equation  In  the  form 

^  +  (12) 

Equation  (ll)  then  asstames  the  form 

.f+ X  l/J'tJ+a/?* 
where  a  =  w  ]f*;  R= JWr,  T »  T{C). 

Hence 

and  after  elimination  of  u*  Eq.  (12)  becomes 

“<)r-f--jrr7? -Ut+ 7?r)/  +  2'l  or}  +«'**=<’.  ii3j 

We  put  9  In  A/3r  =  6,  and  then,  differentiating  (13)  with  respect 
to  r,  we  arrive  at  the  equation 

'(I)’  - 1(1)'}+ 

The  set  of  functions  R  and  t,  of  the  arbitrary  function  of  time 
T  =  T(t),  and  of  the  arbitrary  function  that  arises  upon  Integration 
of  Eq.  (14),  will  be  more  than  enough  to  solve  completely  any  problem 
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with  the  most  general  Initial  and  boundary  conditions. 

2.  PLAIE  WAVES 

The  problem  of  Investigating  plane  waves  by  the  method  Indicated 
above  reduces  first  of  all  to  a  study  of  Eq.  (l4). 
we  put  In  this  eqxiatlon  Rx  ~  B  =  const. 

Then 


“=2xe-|r;  f +^(4xB-|r)-0. 

(15) 

hence  x  =  k<Qt 

-  (oTy^)  +  P(S);  putting  P(6)  =  P6,  where 

^  s  const  <  0 

we  obtain 

x  =  (4x/  +  p)0-|-f 

(16) 

and 

M _ Ov  — — r?_  _  T 

+  p  b'' 

(17) 

Further 

(18) 

(19) 

i-tLf 

If  =  Ao  (0  ^  ^  cos  M 1  X  +  . 

(20) 

It  Is  then  easy  to  find  h  =  The  arbitrary  function  T(t)  can  be 

determined  by 

knowing  the  conditions  say  on  the  piston  or  on  the  wall. 

assuming  that  the  latter  moves  in  accordance  with  the  law 

HO. 

A  complete  solution  of  the  problem  with  account  of  all  the  equations 
entails  no  difficulties  (see  (2]),  and  only  the  energy  equation,  which 
In  Itself  Is  not  accurate.  Is  not  accurately  satisfied  here. 

We  proceed  to  a  description  of  a  second  effective  method  for  ob¬ 


taining  the  solutions  of  the  equation 


e 


^  +  (21) 

At  the  S2une  time  we  consider  the  problem  of  the  magnetic  piston. 
We  shall  approximate  the  plasma  velocity  In  the  region  between  the 
front  of  the  shock  wave  and  the  magnetic  piston  by  means  of  a  linear 
function  of  x,  where  the  coefficients  are  arbitrary  functions  of  the 


■«(x,/)=a(0Jt+6(/).  (22) 

Uien  the  equation  for  the  magnetic  field  can  be  reduced  to  an  ordinary 
heat  conduction  equation  for  a  homogeneous  rod  by  changing  over  to 
lagrange  coordinates  and  Introducing  the  effective  time  scale  [4] 

(23) 

..  (24) 

Equation  (21)  assumes  the  form 

(») 

In  coordinates  {xq,  t}  we  obtain  the  ordinary  skin  effect.  We  can  now 
caurry  throxigh  to  conclusion  the  solution  of  the  equations  for  plane 
one -dimensional  motions. 

The  remaining  equations  have  the  form 

5? 

(26) 


The  bo’ondary  and  Initial  conditions  for  the  magnetic  field  will  be 
taken  In  the  magnetic  piston  problem  In  the  form 

A(\(0.0-i‘(0;  A(x.o)-o. 
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where 


(28) 


Is  the  Euler  coordinate  of  the  piston  (plasma  boundary). 

Conditions  on  the  front  of  a  perpendicular  gas  magnetic  shock  • 
wave  for  finite  conductivity  have  the  following  form  for  the  case  un¬ 
der  consideration  [4): 

(29) 

fi(ui  — Z))*-}-pr+-^=»Pi(u»— D)*  +Pi  +  ^,  (30) 


*  ft  ,  (g.--oy 
2 


+ 


*  Pi  ,  (a»— P)*  . 
*-l  I 


»  /dA\  1 . 
X  /dA\li 


(31) 

(32) 


The  Index,!  denotes  here  the  quantities  aliead  of  the  wave  front  and 
the  .  Index  2  the  quantities  behind  the  front,  D  =  D(t)  =  dX^(t)/dt  Is 
the  velocity  of  the  shock  wave  front.  Condition  (32)  for  the  magnetic 
field  on  the  discontinuity  is  rather  complicated,  but  from  physical 
considerations  we  can  greatly  simplify  the  solutions  of  Eq.  (25).  If 
the  conductivity  Is  high,  we  can  assume  that  the  magnetic  field  propa¬ 
gates  In  a  seml-lnflnlte  space  (Xq  >0). 

With  Increasing  Jt,  the  front  of  the  shock  wave  moves  rapidly  away 
(corapaired  with  the  slow  diffusion  of  the  magnetic  field)  from  the  pis¬ 
ton,  the  field  on  the  front  decreases  rapidly,  and  the  distribution  of 
the  magnetic  field  In  the  region  between  the  piston  and  the  front  of 
the  shock  wave  depends  on  the  propagation  of  the  magnetic  field  in  the 
region  ahead  of  the  front  of  the  discontinuity  very  weakly,  and  only 
In  the  narrow  region  which  lies  directly  behind  the  front. 

In  this  analysis  we  neglect  the  perturbing  action  of  the  weak  mag 


netlc  field,  which  "seeps  through"  the  front,  and  assume  the  gas  ahead 
of  the  front  to  be  at  rest:  Xq  =  x,  =  0.  If  v;e  assume  that  the  mag¬ 

netic  field  accelerates  the  gas  somev/hat  ahead  of  the  front,  the  equa¬ 
tion  for  the  region  behind  the  front  and  ahead  of  the  front  will  be 
closer  in  form,  and  the  error  of  our  assumptions  will  become  even 
smaller.  •* 

Ulus,  the  magnetic  field  can  be  e:qpre3sed  with  sufficient  accuracy 
in  the  form  of  the  derivative  of  the  Duhamel  Integral  (x  =  const): 


■«> 

> 


A(jfo.O= 


>*(?) 


(33) 


where  A(t)  = 

Here  and  in  what  follows  it  is  convenient  to  assume  A(t)  and  3^(t) 
to  be  new  approximating  functions.  The  functions  a(t)  and  b(t)  are 
readily  expressed  in  terms  of  the  former: 

(34) 

After  determining  h(xQ,  t),  v;e  can  readily  find  the  pressure  and  den¬ 
sity,  using  the  continuity  equation  and  any  equation  of  motion,  or  else 
the  energy  equation.  The  remaining  equation  is  not  satisfied  exactly 
in  the  general  case.  It  is  possible,  hov/ever,  to  choose  the  approximat¬ 
ing  functions  a{t)  and  b(t)  in  such  a  v;ay,  as  to  have  this  equation 
satisfied  approximately  in  the  region  of  Interest  to  us  between  the 
magnetic  piston  and  the  front  of  the  shock  wave.  For  this  purpose  it 
is  necessary  to  satisfy  the  boundary  conditions  on  the  piston  and  on 
the  fronts. 

Let  the  initial  condltlor.s  be  constant: 

=  p{x,0)  =  p^  (35) 

Integrating  the  continuity  equation,  we  obtain 
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It.. — 


(36) 


It  Is  Interesting  to  note  that  the  density  depends  on  the  linear  coor¬ 
dinate  only  through  the  initial  distribution.  This  is  xinderstandable, 
since  if  the  velocity  depends  linearly  on  x,  the  plasma  beconses  uni¬ 
formly  compressed  (or  rarefied). 

This  raises  the  question  as  to  which  of  the  equations  Is  prefer¬ 
ably  used  to  determine  the  presstire.  The  point  Is  that  the  energy  equa- 
tlon  itself  has  a  more  crude  and  approximate  character.  It  Is  more 
strongly  Influenced  than  the  equation  of  motion  by  the  neglect  of  the 
viscosity,  heat  conduction,  or  radiation.  It  is  therefore  necessary  to 
satisfy  exactly  the  equation  of  motion,  and  satisfy  the  energy  equa¬ 
tion  approximately,  imposing  on  the  functions  A(t)  and  ^(t)  the  con¬ 
dition  of  energy  balance  on  the  front  of  the  shock  wave. 

Integrating  the  ecpation  of  motion,  we  obtain 

The  primes  denote  here  differentiation  with  respect  to  t,  and  T(t)  Is 
an  2irbltrary  function  of  the  time. 

We  now  have  four  arbitrary  functions:  A(t),  3^(t),  X^(t),  and 
T(t),  with  the  aid  of  which  we  can  satisfy  the  momentum  balance  equa¬ 
tion  on  the  piston  and  the  conditions  on  the  continuity  ( 29-31) • 

On  the  piston,  in  fact,  we  have  a  contact  discontinuity,  and  con- 
sequently  the  total  pressure  p  +  h  /2  should  be  continuous.  Hence 

(38) 

The  pressure  has  a  final*  form 

(39) 

The  condition  for  the  mass  balaunce  on  the  front  of  the  shock  wave 
yields  an  equation  for  Xj.(t),  from  which  we  readily  obtain 
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( 


X*(0  =  -p^.  (AO) 

The  Euler  and  Lagrange  coordinates  of  the  front  of  the  shock  wave  are 
equal,  which  Incidentally  Is  obvious  beforehsind  as  the  result  of  the 
continuity. 

Let  us  consider  now  the  equation  for  the  momenttun  balance  (30) 

We  note  that  in  our  case  the  right  half  of  the  equation  Is  Independent 
of  the  magnetic  field  behind  the  front  (since  It  does  not  contain  hg). 

Consequently,  the  left  half  should  also  be  Independent  of  the  ex¬ 
tent  to  which  the  magnetic  field  seeps  through  Into  the  space  ahead  of 
the  front.  We  can  therefore,  without  Introducing  any  new  error  what¬ 
ever,  assume  that  h^^  =  0  and  then  u^^  =  0;  =  Po»  =  Pq  would 

hold  true  In  the  case  of  Infinite  conductivity  ahead  of  the  front). 

•  i- 

We  alternately  obtain 


The  Influence  of  the  magnetic  field  behind  the  front  on  the  motion  of 
the  front  Is  significant  only  for  very  small  Neglecting  these  and 
assuming  the  medium  ahead  of  the  front  to  be  at  rest,  we  can  vrrlte  the 
energy  balance  equation  In  the  form 


*  - 1  (I  +  Id  -  ^)  x;  -4-  A'X.?  .  M-'Xi  . 

.  .  ,  P,  ...  (ho) 

The  system  of  eq'^atlons  (Al,  A2)  determines  the  approximating  functions 
a(t)  and  b(t).  Prom  this  we  readily  obtain  an  expression  for  the  coor¬ 
dinates  of  the  front 
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where  Cq  =  iJ^q/Pq  is  the  velocity  of  sound  In  the  unperturbed  medium. 
We  see  therefore  that  the  function  A(t)  can  vary  only  within  the  limits 

We  note  that  the  velocity  of  the  front  of  the  shock  wave  Is  Inversely 
proportional  to  the  square  root  of  the  medliun  density.  Ihls  agrees 
with  the  results  obtained  In  a  different  manner  by  Harris  [5]  and  con¬ 
firmed  experimentally  by  Kolb  [6]. 

Let  =  ^c^it)  .  The  system  (4l,  42)  readily  reduces  to  a 
single  third-order  equation  for  the  function  B(t): 

°  B  '*  BB’''  JEP  B*  1(0—0,  (45) 


B»  EP 


where 


(46) 

Let  us  determine  the  Initial  conditions  for  Eq.  (45).  Prom  physical 
considerations  B(0)  =  0  and  B*(0)  a>  (the  velocity  of  the  front  Is 
finite).  Ulien,  from  the  equation  (45)  itself,  after  analyzing  the  or¬ 
der  of  the  growth  of  the  terms  as  t  ->■  0,  we  obtain 

B'(0)  =  ^Lq/2,  where  Lq  =  L(0)  >  1  (v;e  assume  that  p.^(0)/2  >  Pq). 

If  the  magnetic  field  on  the  boundary  is  kno’.’m  as  a  function  of  tha 
velocity  (or  coordinate)  of  the  front  or  the  piston,  then  the  order  of 
the  equation  can  be  lowered,  ^-/hen  B'(t)  const  the  substitution 

y  =  — S';  z(y)  =  — BB* 

reduces  Eq.  (45)  to  an  Abel  eqiatlon 

(48) 

Let  us  consider  In  detail  the  simplest  case,  when  the  magnetic  field 


on  the  boundary  is  constant: 
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li(t)  =  4^.  I*  =  I<o- 

Then  the  solution  of  (^5)  is  a  linear  function  of  t 

(i*9) 

Hence 

a^a.=.<±:^i±M±J1Lo,  (50) 

(jk  +  i)r2+2(*-i)p. 

This  corresponds  to  the  following  choice  of  approximating  functions; 

fl(/)  =  0;6(/)  =  const==(l— (51) 

Now  all  the  physical  quantities  are  expressed  in  e^qpllclt  form 

f(jf.0=»^= const,  .  (52) 

(0 

Thus,  under  the  influence  of  a  constant  boundary  layer,  the  plasma 
acquires  a  constant  velocity  u  =  (1  —  Aq)cq  which  Is  approximately 
proportional  to  the  square  root  of  the  ratio  of  the  magnetic  j  . -assure 
to  the  initial  density  of  the  medlvua. 

Let  us  consider  a  numerical  example. 

Let  Pq  =  loco  oersted;  the  initial  concentration  is  Uq  =  10^^ 
partlcles/cra^,  aind  the  Initial  temperature  is  T^  =  3C0°K.  Ve  then  ob¬ 
tain 

=  7-7*10^  cm/sec  (for  atomic  hydrogen). 

The  magnetic  field  on  the  front  of  the  shock  wave  is 

*♦  =*  ji»  erfc  (1,5* 

Thus,  even  at  the  Instant  of  time  t  =  10*^  sec  the  magnetic  field  on 
the  front  is  already  negligible  in  magnitude.  Consequently,  when  the 
shock  tube  length  has  an  order  of  not  less  than  5O-ICO  cm,  the  magnetic 
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<? 


field  on  the  front  can  be  neglected  and  ovr  approximation  Is  Justified. 
3.  CYLUmiCAL  WAVES 


To  Investigate  cylindrical  v/aves  v;e  may  use  only  the  first  method 
proposed,  where  v/e  put  5  =  Ae^“^. 

Even  a  more  simplified  version  of  solution  of  the  problem,  when 
we  put  for  simplicity  (as  was  done  In  the  case  N  =  O)  that  Rt  =  B  = 

=  const,  we  already  get  a  good  approximation  for  the  investigation  of 
an  axially  symmetrical  wave, 
m  this  case 


(53) 

(54) 


hence 


let 


r  =  AYQt-^T-\-F{Q). 


(55) 


F(0)=P9''-.  (56) 

(In  the  case  N  =  0  we  assianed  that  F(s)  =  ps. )  Then  (55)  assumes  the 
form 


e  =  ?-*('■ +  gr- 4x6/ j*. 


(57) 


When  r  +  (oT/^)  »  4xSt  we  have,  apart  from  terms  of  first  order  of 
smallness. 


hence 


9  -  !!-[(-•  + 1 (,  + 1  t)-]. 


r 


*r 

B 


(53) 

(59) 


(60) 


It  is  necessary  to  have  at  the  center  (at  r  =  C)  u  -►  »  v;hen  k  =  0. 
For  K  =  0  we  have  u  =  — oT/B.  Let 

r_r.[(i-|r+^li  (61) 


where  0  <•  <  1; 


then 


(62) 


When  t  =  0  we  have  u  =  0;  when  t  =  x  we  have  u  -♦  ».  This  approximation, 
however,  although  it  does  give  the  correct  result  when  r  =  0  can  be 
Improved. 

Let  us  stipulate,  for  example,  that  the  following  condition  be 
satisfied 

•  (63) 

here  governs  the  motion  of  the  plasma  boixndary,  and  then  Eq.  (60), 
neglecting  the  terra  4TrKt/p(if'  +  (aT/te)/B)"  «  1  can  be  readily  inte¬ 
grated  and  we  obtain 

±[(1  *(/  — ro)-2}’ 

The  constant  b  is  determined  from  the  condition  The  vector 

potential  of  the  field  inside  of  a  current-carrying  plasma  cylinder  la 
now  written  in  the  form 

<r  =  ^(Ocosu(^r+r)«p{^(-i^)  X 


(64) 


(65) 


1  2x/, 


(66) 
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The  function  A{t)  Is  found  from  the  boundary  condition 

The  ohmic  power  loss  by  unit  volume  Is 


l.e.,  the  losses  Increase  for  small  it  In  proportion  to 

When  making  a  complete  energy  balance.  It  la  necessary  to  take 
Into  account  the  inductive  losses  both  In  the  electrical  circuit  and 
In  the  plasma  pinch  Itself,  as  well  as  the  radiation  and  losses  through 
excitation  of  the  Internal  degrees  of  freedom. 

Let  us  make  numerical  estimates  by  meams  of  a  simple  model  example. 
Let  n  =  1,  =  To/iHt  +  1),  with  D  »  jc/p  »  1,  and  then  T  =  Tq  ^ 

Lst  at  the  same  time  Tq  -  P;  Bw/a  =  27r/M>  where  M  »  1,  l.e.,  the  cur¬ 
rent  decreases  raonotonically  away  from  the  pinch  boundary  toward  the 
axis.  The  expression  for  the  vector  potential  assiiraes  the  following 


form 


We  then  have  in  order  of  magnitude 


d/  ~  c» 


aind  for  I  =  10^  kA;  rQ  «  10  cm;  k  =  10^,  l.e.,  a  =  lo*^  sec"^,  =  1  cm. 
The  ohmic  loss  power  will  have  an  order  of  10^^  erg/sec,  l.e.,  1  mil¬ 
lion  kilowatts.  When  the  pinch  contracts  to  0.3  cm,  the  loss  power  in¬ 
creases,  obviously,  by  another  almost  three  orders  of  magnitude. 

Thus,  In  pinch  accelerating  systems  It  Is  necessary  to  avoid  ex- 
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cessive  compression  of  the  plasma,  since  the  "tall"  of  the  accelerat- 
1ns  pulse  Is  expended  for  the  most  part  In  heating  and  not  In  accelera¬ 
tion. 

It  should  be  noted  that  the  "magnetic  piston"  as  a  means  of  plasma 
acceleration  has  In  general  the  following  essential  shortcomings:  the 
forces  exert  a  surface  action,  so  that  shock  waves  are  produced  In  the 
accelerated  plasraold  along  v;lth  supplementary  dissipation,  and  the 
character  of  the  losses,  as  demonstrated  by  many  examples.  Is  close  to 
that  of  volume  losses. 

In  addition,  the  accelerated  plasmold  can  capture  the  field  pene¬ 
trating  throxigh  Its  boundary,  form  an  unstable  magnetic  gasdynamlc  con¬ 
figuration,  and  collapse  on  emerging  from  the  accelerating  unit.  It  Is 
probably  this  type  of  plasmold  collapse  that  was  observed  In  the  con¬ 
ical  chamber  presented  In  the  paper  of  D.V.  Qrllnskly  [7].  The  field 
that  seeped  Into  the  plasraold  then  dissipates  and  heats  the  plasmold 
somewhat. 

We  note  that  a  certain  Increase  In  the  rate  of  plasma  ejection 
from  conical  chambers  having  a  length  and  a  diameter  of  merely  a  few 
centimeters,  occurring  upon  Increasing  the  aperture  angle  of  the  cone. 
Is  due  to  the  increase  in  the  average  radius  of  the  chamber,  which  Im¬ 
proves  somevfhat  the  condition  for  the  optimum  utilization  of  the  "mag¬ 
netic  piston. " 

Finite  conductivity  deteriorates  also  the  quality  of  the  "mag¬ 
netic"  v/all  as  a  means  of  plasma  confinement  and  heat  Insulation,  lead¬ 
ing  to  a  seeping  of  the  plasma  through  the  wall  and  to  Its  depairture 
from  the  plasmold. 

It  Is  necessary  In  the  future  to  look  for  schemes  In  which  the 
accelerating  force  has  not  a  surface  but  a  volume  character,  and  the 
electromagnetic  energy  Is  consumed  essentially  In  an  Increase  of  the 
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electric  conductivity  of  the  plasna  and  its  acceleration  with  mlnimira 

dissipation. 
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CONCERNEn  ONE  ANALOGY  BET\/EEN  WAVES  ON  THE  SURFACE 
OF  A  HEAVY^  LIQUID  AND  NONLINEAR  PLAS?4A  OSCILLATIONS 

R.Z.  Sagdeyev 
Moscow 

There  Is  a  well-known  analogy  between  the  theory  of  the  so-called 
"shallow  water"  and  the  gasdynamics  of  plane  Isentroplc  motions.  A 
generally  arbitrary  Initial  flow  profile  gets  deformed  in  time,  in 
both  theories,  in  such  a  way  that  the  steepness  of  the  leading  front 
Increases  continuously.  In  gasdynamics,  there  Is  ultimately  established 
a  stationary  steepness,  when  the  dissipative  effects  come  Into  play. 

In  the  theory  of  waves  on  water,  the  finite  nature  of  the  depth  of  the 
channel  becomes  significant  v/hen  the  steepness  of  the  leading  front 
becomes  sufficiently  large.  An  account  of  this  factor  leads  to  disper¬ 
sion  effects.  Thus,  the  analogy  betv/een  gasdynamics  and  the  theory  of 
"shallow  water"  ends  when  dissipative  effects  appear  In  the  former 
case  eind  dispersion  effects  in  the  latter.  This  finds  Its  mamifesta- 
tlon  also  In  the  different  character  of  the  nonlinear  steady-state  mo¬ 
tions.  In  the  former  case  (in  gasdynamics)  vfe  deal  with  shock  waves, 
while  in  the  latter  case  we  deal  with  periodic  or  so-called  solitary 
waves. 

In  the  theory  of  nonlinear  motions  of  a  lew-density  plasma  (in 
which  the  pair  collisions  play  a  small  role).  It  is  well  kno'-m  that  a 
situation  analogous  to  gasdynamics  arises  in  many  cases.  Thus,  for  ex¬ 
ample,  in  the  presence  of  a  strong  magnetic  field  in  the  plasma,  the 
motion  of  the  plasma  In  scales  larger  than  the  Larmor  particle  radii 


is  described  formally  by  the  Chev;,  Goldberser,  and  Lov;  equations  of 
anisotropic  magnetic  gasdynamlcs.  To  v/hat  effect  does  the  Increase  in 
the  steepness  of  the  leading  front  of  the  perturbation  lead  In  this 
case?  One  can  show  that  at  least  In  the  case  of  a  "cold”  plasma  (when 
the  magnetic  field  presstire  greatly  exceeds  the  plasma  pressure)  there 
appear  here,  unlike  In  gasdynamlcs,  effects  of  the  dispersion  type. 

The  steady-state  nonlinear  motion  has  In  this  case,  as  in  the  theory 
of  waves  on  water  in  a  channel  of  finite  depth,  the  form  of  periodic 
and  solitary  waves.  These  solutions  exist  only  at  Mach  numbers  that 
are  smaller  than  a  certain  critical  value.  On  going  through  this  crit¬ 
ical  value,  the  "tiambllng"  of  the  front  takes  place.  In  the  theory  of 
waves  on  water,  this  should  lead  In  final  analysis  to  the  formation  of 
a  "water  spout"  (or  "twister").  In  a  plasma  this  can  lead  to  an  analog¬ 
ous  phenomenon,  namely  a  "collisionless"  shock  wave.* 

We  consider  here  a  second  case,  a  plasma  x^ithout  a  magnetic  field, 
but  under  the  condition  that  the  electron  pressure  greatly  exceeds  the 
Ion  pressure.  As  will  be  shown  below,  the  situation  arising  In  this 
case  Is  very  similar  to  that  noted  above. 

As  is  knovm  from  linear  theory,  the  propagation  of  sound  waves  In 
a  plasma  in  the  absence  of  pair  collisions  and  of  a  magnetic  field  is 
possible  only  if  p.  «  p  (p.  is  the  pressure  of  the  ions  or  elec- 
trons).  This  condition  can  be  realized  both  because  the  plasma  is  not 
Isothermal,  and  because  the  ions  are  multiply  charged  (either  Z  »  1 
or  Tg  »  Tj^). 

Let  us  consider  one -dimensional  waves  of  arbitrary  amplitude  in 
such  a  plasma.  Since  the  velocity  of  sound,  greatly  ex¬ 

ceeds  the  thermal  velocity  of  the  ions,  it  is  reasonable  to  neglect 
the  thermal  scatter  in  the  velocities  of  the  latter.  On  the  other  hand. 
If  we  confine  ourselves  to  an  examination  of  waves  with  propagation  . 


velocities  that  are  much  sraaller  than  the  themal  velocity  of  the  elec¬ 
trons,  then  the  electric  field  In  such  a  v;ave  will  be  quaslstatlc  rela¬ 
tive  to  the  electrons,  llien.  If  the  electron  velocity  distribution  Is 
Maxwellian,  f  -  e  /  ,  In  the  region  where  the  electric  potential  9 

has  a  maximum,  then  the  electron  density  at  any  point  Is  determli^d  by 
a  Boltzmann  distribution  n  =  This  corresponds  to  Inclusion  of 

the  so-called  "capt'ured"  electrons.  Inasmuch  as  the  maximum  of  9  cor¬ 
responds  to  a  potential  well  — e9  for  the  electrons  (a  minimum  of  poten¬ 
tial  energy),  where  — e  la  the  electron  charge. 

Taking  the  assumptions  made  Into  consideration,  let  us  write  down 
the  Initial  system  of  equations  for  the  one -dimensional  motion: 


^+Sm-0.  (2) 

(3) 


Here  v  Is  the  Ion  velocity  and  N  the  Ion  density. 

For  motions  with  characteristic  space  scales  that  considerably 
exceed  the  Debye  radius  ,  the  quasineutrality  assumption 

n  «  N  Is  valid  (one  can  leave  out  b  ip/bx.  from  Eq.  (3))*  Then,  elim¬ 
inating  the  electric  field  from  the  equations,  \ie  obtain  a  system  of 
two  eqiiatlons  for  an  adiabatlcally  compressible  gas  with  adiabatic  ex¬ 
ponent  Y  =  1  (isothermal  case).  In  this  case  the  solution  in  the  form 
of  a  simple  Rlemann  wave  Is  valid,  from  which  It  follows  that  the  front 
of  the  wave  becomes  steeper  and  steeper  in  time  tintil  It  topples  over 
completely.  However,  before  this  solution  becomes  multiple  valued,  the 
quasineutrality  asstimptlon  becomes  inapplicable,  when  the  characteris¬ 
tic  scale  decreases  to  the  Debye  radius  with  increasing  steepness  of 
the  leading  front  of  the  wave.  -  - 
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An  account  of  the  charge  separation  effect  can  be  carried  out  for 
the  case  of  a  steady-state  v/ave,  in  which  all  the  quantities  are  func¬ 
tions  of  (x  —  ut)  only,  where  u  is  the  velocity  of  v;ave  propagation. 
The  initial  system  (1-3)  can  be  reduced  to  a  single  ordinary  second- 
order  differential  equation  for  the  potential  q) 


Depending  on  the  choice  of  the  integration  constants,  we  can  con¬ 
struct  various  steady-state  waves.  If  it  is  asstuned  that  at  the  initial 
Instant  of  time  we  had  a  perturbation  localized  in  a  limited  region  of 
space  with  tp  -*  0  as  the  distance  from  this  region  Increases,  and  that 
such  an  initial  perturbation  approaches  asymptotically  with  time  to  a 
steady-state  motion  described  by  Eq.  (4),  it  is  sensible  to  choose  a 
solution  in  vrtaich  d(p/dx  -*•  0  when  (p  -*•  0.  Such  a  choice  gives  a  steady- 
state  motion  in  the  form  of  a  symmetrical  isolated  wave.  The  propaga¬ 
tion  speed  u  of  such  a  wave  depends  on  the  amplitude  By  assvuning 

d<p/dx  =  0  for  (p  =  we  obtain  this  dependence 


2  M  »» 


rag 

e  T  _i 


(5) 


In  the  limiting  case  of  small  amplitudes,  u  -►  —  the  velocity  of 


sound.  At  large  amplitudes  »  T)  we  have  u  -*  (1/2)  y{T/^'l)*e 

The  explicit  form  of  the  profile  of  the  solitary  v;ave  can  be  obtained 
for  the  case  of  small  amplitudes  by  expaindlng  the  left  half  (4)  in 
powers  of  e<?/r  and  then  integrating 


It  is  ciirlous  that  a  solution  in  the  form  of  solitary  ’.vaves  for  Eq.  (4) 
exists  for  arbitrarily  large  I-^ch  numbers,  unlike  waves  on  water  or  in 
a  plasma  with  a  magnetic  field. 
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This  part  of  the  communication  will  be  published  In  "ZhETF, 
and  Is  therefore  merely  mentioned  In  the  present  text. 


PROPERTIES  OP  A  MAGIIETIC  TRAP  IN  A  PLASMA  EJECTED  FROM  THE  SUN 

*  L.  I.  Doroian 

Moscow 

§1.  ELECTROMAGNETIC  PROPERTIES  OF  A  PLASMA  EJECTED  FROM  THE  SUN 

In  several  investigations  [1-4]  carried  out  on  the  basis  of  the 
e:q)erljnental  data  obtained  by  the  international  network  of  cosmic-ray 
stations,  a  study  was  made  of  different  cosmic-ray  effects:  1)  the 
slov/  reduction  in  the  Intensity  of  cosmic  rays  preceding  suddenly 
starting  magnetic  storms  that  give  a  Porbush  drop,  2)  the  Increase  in 
the  cosmic-ray  Intensity  following  this  drop,  which  lasts  only  several 
hours  and  also  occurs  before  the  start  of  the  magnetic  storm,  3)  the 
various  profiles  of  the  variation  of  the  cosmic-ray  intensity  dia:'ing 
the  time  of  magnetic  storms.  A  rather  laborious  analysis  of  all  these 
effects,  a  study  of  their  distribution  for  various  secondary  compo¬ 
nents  in  latitude  and  In  longitude  using  the  coupling  coefficient 
method  [5,  Chapter  IV]  and  data  on  the  trajectories  of  charged  par¬ 
ticles  of  different  energies  in  geomagnetic  fields,  have  made  it  pos¬ 
sible  to  determine  the  energy  spectrum  and  the  direction  of  arrival 
from  different  sources  of  cosmic-ray  variations.  A  comparison  of  these 
results  with  the  theoretical  calculations  [6,  7]  of  the  cosmic-ray 
variations,  expected  from  different  stiggested  sources,  makes  it  pos¬ 
sible  to  interpret  these  effects  as  follows. 

1.  The  increase  effect,  first  obsorved  in  [l],  is  connected  with 
the  reflected  particles  from  the  fonvard  nonmagnetic  part  of  the  solar 
plasma  stream  before  the  plasma  envelops  the  earth  (l.e.,  before  the 
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magnetic  storm  starts  on  earth).  In  this  case  the  particles  acquire 
energy.  Just  as  in  the  case  of  reflection  from  a  mirror  moving  head  on 

[71. 

2.  The  decrease  effect,  first  observed  in  [8],  Is  connected  with 
the  propagation  In  Interplanetary  space  of  a  shock  wave  formed  by  the 
forw2u:d  nonmagnetic  part  of  the  plasma  stream  moving  with  hypersonic 
velocity.  Compression  of  the  Interplanetary  medium  behind  the  front  of 
the  shock  wave  and  a  corresponding  Intensification  of  the  Interplanet- 
ary  magnetic  field  will  lead  to  an  Increase  In  the  scattering  of  the 
cosmic-ray  particles  and  to  an  attenuation  of  their  Intensity  on  earth 
[9]. 

3.  Different  profiles  of  the  variation  of  the  Intensity  of  cosmic 
rays  are  connected  with  the  different  velocity  of  motion  and  angular 
width  of  the  plasma  streams,  different  distribution  of  the  frozen-in 
magnetic  field,  and,  principally,  with  the  different  character  of  the 
capture  of  the  earth  by  the  solar  plasma  [6].  The  point  Is  that  the 
earth  can  be  captured  by  the  fonvard  front  of  the  stream  (and  this 
brings  about  a  magnetic  storm  with  sudden  start;  such  streauns  are  con¬ 
nected  essentially  with  solar  flares).  In  this  case  a  sharp  decrease 
occvirs  In  the  cosmic-ray  Intensity.  With  this,  the  rate  at  which  the 
Intensity  decreases  Is  proportional  to  the  velocity  of  the  stream  and 
to  the  degree  of  intensification  of  the  magnetic  field  frozen  In  the 
for^'rard  part  of  the  plasma  stream. 

Comparing  the  experimental  data  obtained  from  the  world  network 
of  stations  with  the  profiles  expected  xmder  various  assumptions,  and 
using  the  method  of  coupling  coefficients  [5,  Chapter  IV],  it  Is  pos¬ 
sible  to  determine  the  angular  dimensions,  the  Intensity  of  the  frozen- 
in  magnetic  field,  and  its  distribution  In  the  plasma  of  the  stream, 
as  well  as  the  degree  of  compression  of  the  plasma  and  the  field.  An 


9 


analysis  of  this  type  [10]  v/as  carried  out  for  nore  than  ^0  plasma 
streams,  some  of  which  gave  rise  to  suddenly  starting  magnetic  stonns, 
and  some  to  storms  with  gradual  starts.  The  latter  were  connected  with 
the  enveloping  of  the  earth  by  the  lateral  side  of  the  stream  (where¬ 
upon  the  Intensity  of  the  cosmic  rays  decreased  rather  slowly  and  was 
restored  practically  Just  as  slowly).  In  particular.  It  was  shown  that 
the  solar  plasma  streams  carry  frozen-ln  magnetic  fields  with  Intensity 
from  10"^  Oe  to  10“^  6e,  and  In  the  fon^ard  part  the  fields  are  greatly 
Intensified  (by  a  factor  3-6)  as  a  result  of  the  compression  of  the 
plasma,  owing  to  Interaction  with  the  Interplanetary  medium  and  the 
formation  of  shock  waves  In  It.  The  an^lar  dimensions  of  the  streams 
turn  out  to  be  quite  different,  ranging  from  several  tens  of  degrees 
to  TT.  The  velocities  observed  also  had  a  wide  range,  from  3 '10*^  to  2  x 

O 

X  10°  cm/aec. 

The  presence  of  frozen-in  magnetic  fields  in  the  streams  of  solar 
plasma  (there  being  In  addition  several  serious  arguments  in  favor  of 
assuming  that  these  fields  are  more  or  less  regular  and  not  turbulent) 
makes  It  possible  for  magnetic  traps  to  be  formed  in  such  a  plasma, 
capable  of  retaining  particles  whose  radius  of  gyration  is  much  smaller 
than  the  dimensions  of  the  stream. 

§2.  Ef/ESTIGATION  OF  COSMIC-RAY  FLARES  AND  TNO  POSSIBLE  WAYS  OF  PROPA¬ 
GATION  OF  SOLAR  PARTICLES  TO  THE  EARTH 

Numerous  investigations  of  cosmic-ray  flares  (for  a  review  see 
[5l,  Chapters  X,  XI)  have  shovm  that  even  several  hours  after  the  start 
of  the  flare  the  flux  of  high-energy  solar  particles  becomes  isotropic 
and  Its  Intensity  decreases  with  time  in  accordance  with  a  pov;er  law, 

-O/o 

as  t  .  The  pov/er  law  was  furthermore  malntairied  for  all  the  flares 
observed  to  date.  The  only  differences  were  in  the  delay  of  the  occur¬ 
rence  of  Isotropy  relative  to  the  start  of  the  flare.  This  character 
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of  variation  of  the  Intensity  of  the  solar  particles  agrees  v;ith  the 
diffuse  model  of  propagation  of  particles  In  the  Interplanetary  nadlvun. 
Detailed  calculations  till  show  that  on  the  basis  of  such  a  model  It 
is  possible  also  to  understand  the  law  governing  the  variation  of  in- 
tensity  directly  after  the  start  of  the  flare. 

At  the  same  time,  one  cannot  exclude  also  another  possibility, 
namely  the  propagation  of  the  particles  generated  In  the  solar  atmos¬ 
phere  v/lth  the  lowest  energy  (but  still  retained  in  the  trap)  via  a 

Q 

relatively  slow  transport  with  a  velocity  -10  cm/sec  In  a  magnetized 
plasma  ejected  from  the  sun.  However,  it  was  only  relatively  recently 
that  data  demonstrating  that  such  a  possibility  Is  apparently  realized 
could  be  obtained. 

§3.  FLARE  OF  LOW-ENERGY.  SOLAR  PARTICLES  IN  THE  STRATOSPHERE  ON  11-13 
MAY  1959  AND  PROPERTIES  OF  MAGNETIC  TRAP 

Low-energy  particles,  with  energy  lower  than  several  hundred  MeV, 
which  can  be  captured  In  the  trap,  cannot  penetrate  through  the  earth's 
atmosphere  and  In  order  to  observe  them  measurements  must  be  carried 
out  at  high  altitudes  (where  the  absorption  is  low)  and  at  high  lati¬ 
tudes  (where  the  geomagnetic  cutoff  Is  quite  small).  From  this  point 
of  view,  measvirements  of  exceptional  interest  were  made  by  the  group 
of  A.N.  Charakhch ' yan  above  Murmansk  (geomagnetic  cutoff  120  MeV)  and 
by  Winkler's  group  above  Minneapolis  (geomagnetic  cutoff  300  MeV). 

These  measurements  showed  the  presence  of  a  large  nximber  of  flares  of 
low-energy  solar  pairtlcles,  which  were  not  observed  by  Insti’ur.ents  at 
sea  level  or  by  measurements  at  high  altitudes,  but  in  the  region  of 
low  latitudes  above  points  with  large  geomagnetic  cutoff  [12,  13].  Of 
particular  Interest  are  the  data  on  the  flare  of  II-I3  May  1959.  A  com¬ 
parison  of  the  data  of  A.N.  Charakhch'yan  et  al.  [12]  and  of  V/lnkler 
et  al.  (13],  and  an  analysis  of  the  conditions  of  particle  propagation 


-  272  - 


by  diffusion  In  Interplanetary  nedlua  and  by  transport  In  a  magnetic 
trap,  has  shown  [14]  that  what  occurred  here  without  any  doubt  was  the 
formation  of  a  trap  In  the  forward  end  of  the  magnetized  plasma  ejected 
from  the  sun  (the  properties  of  this  plasma  stream  were  Investigated 
In  [15]  on  the. basis  of  the  data  obtained  by  the  world's  sta^tlon  net¬ 
work).  The  following  Interesting  phenomenon  was  observed  here:  after 
the  start  of  the  magnetic  storm  the  Intensity  of  the  low-energy  par¬ 
ticles  increased  by  almost  4o  times,  after  which  it  decreased  exponen¬ 
tially  by  a  factor  e  In  two  hours  (whereas  the  intensity  of  the  par¬ 
ticles  propagating  by  dlffxislon  decreases  in  accordance  with  a  power 
law).  Direct  meastirements  of  the  energy  spectrum  [12,  I3]  have  shown 
that  It  had  the  same  form  as  during  the  time  of  large  flares,  l.e., 
D(6jj)  ^  where  is  the  particle  kinetic  energy  (such  a 

spectrum  could  be  traced  with  the  aid  of  satellite  measurements  up  to 
M  30-40  MeV).  In  addition,  measurements  of  the  spectrum  [13]  have 
shown  also  that  a  very  Interesting  phenomenon  takes  place:  diirlng  the 
time  of  the  magnetic  storm  the  geomagnetic  cutoff  greatly  decreases, 
this  being  due  to  the  effect  of  the  stream  plasma  on  the  earth's  mag¬ 
netic  field  (compression  of  the  cavity  and  Intensification  of  the  equa¬ 
torial  current  ring).  Calculations  [I6,  I7],  as  well  as  Investigations 
[18,  19]  of  the  corresponding  cosmic-ray  variations,  show  that  such 
changes  In  the  geomagnetic  cutoff  are  world-wide  In  character  and  can 
be  understood  on  the  basis  of  modern  notions  concerning  the  Interac¬ 
tion  between  the  stream  plasma  and  the  earth's  magnetic  field. 

A  comparison  of  the  calculations  with  the  experimental  data,  made 
in  [14],  shows  that  the  particle  density  In  each  part  of  the  trap  cor¬ 
responds  to  the  density  of  the  particles  generated  In  the  solar  atmos¬ 
phere  for  each  Instant  of  time,  when  the  corresponding  part  of  the 
plasma  Is  ejected. 


It  follows  therefore  that  a  rather  large  particle  density  gradient 
is  maintained  in  the'  trap  and  that  the  particles  are  not  appreciably 
Intermixed.  The  magnetic  field  in  the  trap  should  be  directed  perpen¬ 
dicular  to  the  line  of  stream  propagation.  The  compression  of  the  plasma 
In  the  forward  end  of  the  stream  leads  to  a  corresponding  Increase  of 
the  density  of  the  trapped  particles.  An  estimate  of  the  total  energy 
of  the  particles  transported  In  the  trap  shov/s  that  it  Is  less  than 
the  energy  of  the  frozen-ln  magnetic  field.  This  relation  between  the 
particle  energy  density  and  the  density  of  the  magnetic  field  energy 
Is  retained  also  In  the  most  forward  part  of  the  stream,  where  the  par¬ 
ticle  density  Is  the  largest.  It  is  necessary  to  assume  here  that  the 
Indicated  particle  spectrum  extends  not  lower  than  3-5  MeV.  Such  a 
limit  on  the  spectrxim  agrees  with  the  hypothesis  that  the  particles 
are  Injected  prior  to  the  flare  with  an  energy  of  several  MeV,  as  the 
result  of  thermonuclear  reactions,  with  subsecjuent  acceleration  by  the 
first-order  Fermi  mechanism  [20,  21].  V7e  note  that  the  total  momentum 
of  the  generated  particles  turns  out  to  be  of  sufficient  order  of  mag¬ 
nitude  for  the  ejection  of  a  magnetized  plasma  from  the  solar  atmos¬ 
phere.  Calculations  based  on  a  model  with  tv/o  possible  paths  of  par¬ 
ticle  propagation  show  that  the  formation  of  the  trap  should  occur  at 
distances  1.5-2  Rq  from  the  center  of  the  sun,  where  Rq  is  the  radivis 
of  the  sun  [l4]. 
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CONCERNING  THE  STABILITY  OP  A  PLASMA  PINCH 

M.D.  Ladyzhenskiy 
Moscow 

We  Investigate  the  stability  of  a  plasma  pinch  situated  In  a 
medium  with  nonconducting  liquid  In  vortical  rotation. 

A  comparison  Is  made  of  the  regions  of  stability  of  a  plasma 
pinch  and  of  a  vortex  In  "ordinary”  hydrodynamics. 

It  was  shown  In  [1,  2]  that  a  plasma  pinch  Is  unstable  against 
perturbations  of  the  "sausage”  and  helix  type.  In  connection  with  the 
Instability  observed,  several  methods  were  proposed  for  the  stabiliza¬ 
tion  of  the  pinch  [3,  4]. 

We  consider  below  the  question  of  pinch  stabilization  with  the 
aid  of  vortical  motion  of  a  nonconducting  medium  surrounding  the  pinch. 

The  problem  Is  formulated  In  the  following  manner:  a  current  of 
Intensity  I  flows  over  the  surface  of  a  round  cylinder  of  radius  R  of 
an  Ideally  conducting  Incompressible  liquid;  the  current  flow  is  in 
the  axial  direction.  The  cylinder  is  placed  in  a  medium  in  which  a  non¬ 
conducting  incompressible  licjuid  moves  vortlcally.  The  system  is  in 
equilibrium:  the  hydrodynaimic  pressure  from  the  inside  of  the  cylinier 
is  balanced  by  the  sum  of  the  hydrodynamic  and  magnetic  pressures  from 
the  outside.  It  Is  required  to  investigate  the  stability  of  this  sys¬ 
tem.  The  problem  is  solved  in  analogy  with  [1]. 

We  Introduce  a  cylindrical  system  of  coordinates  r,  6,  z  with  z 
cucls  directed  along  the  cylinder  axis.  Vre  consider  the  system  for  a 
small  devlatlCii  frca  the  equilibrium  position.  The  peripheral  compo- 
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nents  of  the  velocity  vector  Vg  and  cf  the  magnetic  field  hg  in  the 
unperturbed  state  are  given  by 


(1) 


where  V  and  H  are,  respectively,  the  peripheral  components  of  the  vel¬ 
ocity  and  the  magnetic  field  on  the  surface  of  the  cylinder.  We  denote 
by  9*  suid  ‘it  the  potentials  of  the  perturbed  motion  for  the  external 
flow,  internal  magnetic  field,  and  internal  flow,  respectively.  These 
functions  satisfy  the  Laplace  equation  with  the  following  conditions 
on  the  axis  and  at  infinity: 


.{»<oo  for  r=0, 
Iiin/  =  0,  lim9  =  0. 


(2) 

Oh  the  surface  of  the  cylinder,  the  equation  of  which  in  cylindrical 
coordinates  has  the  form 

r  =  /?+t(9,2;0. 

the  following  conditions  are  satisfied;  the  Internal  and  external  flows 
do  not  penetrate  the  stirface,  the  component  of  the  magnetic  field  per¬ 
pendicular  to  the  surface  of  the  pinch  vanishes,  and  the  pressvires 
from  the  outside  aind  from  the  inside  of  the  cylinder  are  equal  (the 
pressure  is  defined  as  the  sum  of  the  hydrodynamic  pressure,  determined 
by  the  Lagrange  formula,  and  the  magnetic  pressure) 


■?i 


Vdf 


V3Z  a; 
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L  3  ^  —  flL  *  fiZ\ 
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dr  OB 

^  8-^r  ^ 

UaH  dt 

where  amd  pg  are  the  density  outside  and  inside  the  cylinder. 

We  seek  the  solution  in  the  fora  of  a  Fourier  series.  By  satisfy¬ 
ing  the  Laplace  equation,  the  conditions  at  infinity,  and  the  condition 
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that  the  velocity  be  finite  on  the  cylinder  axis,  we  obtain 

9  =  +  (7) 

=  c/»  (*r) +  W) 

v==*^""*+**+*«y> 

9 

where  k  and  m  are  integers,  -linClcr)  and  are  Bessel  functions  of 

Imaginary  argument,  and  a,  b,  c,  and  d  are  certain  constants.  From  the 
condition  that  there  exist  a  nonzero  solution  for  a,  b,  c,  and  d,  we 
obtain,  by  substituting  (7)  In  Eqs.  (3-6)  an  equation  for  a  ..  Intro- 

oig  jC 

duclng  the  notation  fi  =  Tc  =  kr  (the  superior  bar  over  k  will  be 

left  out  henceforth  for  the  sake  of  brevity) ,  we  obtain  the  following 
equation: 

Q  -  2?,  + 

+  (^-?,V*)fA/f:/:  +  m»/C./.)  =  0.  .  (8) 

The  condition  that  Ci  have  no  complex  roots  In  this  quadratic  equa¬ 
tion  yields  the  limit  of  the  stability  region  of  the  flow  under  con¬ 
sideration. 

Putting  \i  =  ^TTp^V^/^g,  "p  =  Pj/pg  and  using  the  following  equation 
(retaining  the  notation  of  [1]) 

_  _  ^m-\  _ 5  _ _  ?»(^) 

M—  k  • 

_  ^--1  _ _ Ti(^) 

~  k—  k  • 

we  can  write  the  stability  condition  in  the  form 

When  p.  =  0,  which  corresponds  to  the  absence  of  the  external  flow,  Eq. 
(9)  coincides  with  ttiat  obtained  by  V.D.  Shafranov  [1].  The  stability 
regions  given  by  this  equation  are  as  follows:  when  m  =  0  and  1  the 
pinch  Is  absolutely  luistable.  Starting  with  n  =  2,  a  stability  region 

-  279  - 


appears  at  snail  values  of  Jc,  v/hile  at  large  values  of  n  the  stability 

o 

region  Is  given  by  the  expression  k  <  n  . 

When  n  =  »  we  arrive  at  the  question  of  stability  of  a  vortex  with 
a  core  at  rest.  When  m  =  0  and  m  =  1  the  vortex  Is  absolutely  stable. 

In  other  words «  the  vortex  Is  absolutely  stable  against  perturbations 
of  the  sausage  and  helix  type«  which  are  the  most  dangerous  for  a 
plasma  pinch.  For  m  >  2  there  appears  In  the  vortex  an  Instability  re¬ 
gion  which  la  given  by  the  following  relation  (for  large  m) 

.  *<r^-  (10) 

1+? 

Perturbations  with  m  >  2,  with  respect  to  which  the  vortex  Is  unstable, 
have  a  "twist”  character.  Numerous  observations  have  shown  that  the 
vortices  are  stable;  It  follows  therefore  that  perturbations  of  the 
"tv/lst"  type  are  not  dangerous  and  do  not  lead  to  a  destruction  of  the 
vortex.  We  consider  now  the  general  case  of  arbitrary  p..  The  stability 
region  Is  characterized  In  the  following  fashion.  The  configuration 


0  t,a  4,0 

Pig.  1 


considered  atl<ii<l+^l3  absolutely  stable  with  respect  to  any 
perturbation.  Thus,  ccmplete  stabilization  of  the  pinch  Is  possible 
for  the  Indicated  values  of  the  parameters.  Let  us  proceed  to  a  more 
detailed  description  of  the  Instability  regions. 
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When  m  =  0  the  system  Is  stable  if  n  >  1.  VJhen  n  =  1  the  stability 
regions  lie  in  the  plane  to  the  right  of  the  lines  shov/n  in  Fig.  1, 
each  of  which  depends  on  a  certain  value  of  "p,  i.e.,  in  this  case  the 
system  is  also  stable  with  respect  to  all  pertiirbations  if  p  >1,  but 
there  are  stability  regions  also  for  p  <  1.  When  m  >  2  in  the  half 
space  p  >  1,  instability  regions  appear  when  m  >  1  +  p,  bounded  by 
curves  that  depend  on  p  (see  Pig.  1).  The  abscissas  of  the  points  of 
intersection  of  these  curves  with  the  line  k  =  0  are  expressed  in  the 
following  form  (for  large  in) 


m  — I 


To  the  left,  for  p  <  1,  the  boundary  of  the  stability  regions  shifts 
toward  the  side  of  larger  k  with  increasing  m. 

Furthermore,  the  following  asymptotic  relations  hold  true  for 
large  numbers  m:  when  p  <  1  the  stability  region  is  given  by  the  rela¬ 
tion 


^  I  — 

(qualitatively  the  conflgxiratlon  is  similar  to  a  plasma  pinch).  When 
p  >  1  +  "p  the  stability  region  is  given  by 


(12) 

P-I 

(the  configuration  is  qualitatively  analogous  to  a  vortex). 

CONCLUSIONS 

1.  In  principle  it  is  possible  to  stabilize  a  plasma  pinch  with 
respect  to  any  perturbation  with  the  aid  of  vortical  motion  of  a  non¬ 
conducting  liquid  surrounding  the  pinch. 

2.  Perturbations  of  the  "twist"  type  are  not  dangerous,  as  can  be 
seen  with  a  vortex  as  an  example. 


V/e  note  In  conclusion  that  the  method  of  vortical  stabilization 
can  be  combined  with  several  other  knovm  methcds  [3,  ^J.  Then  the 
.  speeds  of  vortical  motion  needed  for  stabilization  v/111  not  be  too 
large. 
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NATURAL  OSCILLATIONS  OF  A  BOUJJDED  PLASMA 

D^A.  Frank-Kkmenetslcly 
Moscow 

A  plasma  cylinder  In  a  longitudinal  static  magnetic  field  can 
have  the  properties  of  an  electromagnetic  resonator  or  a  waveguide 
over  a  wide  frequency  range.  In  the  absence  of  a  magnetic  field,  reso¬ 
nance  Is  possible  only  at  frequencies  above  the  plasma  frequency,  where 
the  ion  motion  can  be  neglected.  Such  plasma  resonators  operating  in 
the  microwave  band  were  investigated  by  a  group  headed  by  Braun  and 
their  detuning  la  the  basis  of  a  widely  used  method  of  plasma  diagnos¬ 
tics.  Ih  the  presence  of  a  magnetic  field  resonance  phenomena  occur 
also  at  much  lower  frequencies  (in  the  UHF  band),  where  the  motion  of 
the  Ions  is  significant.  A  study  of  such  hydromagnetic  and  magnetic- 
sound  resonators  and  waveguides  is  barely  in  the  initial  stage. 

The  dispersion  equation  of  a  plasma  is  of  the  fifth  degree  in  the 
square  of  the  frequency.  Therefore  a  plasma  volume  has  vinder  given 
definite  conditions,  generally  speaking,  five  different  natural  fre¬ 
quencies  (real  and  Imaginary)  [1].  These  frequencies  are  resonant  in 
the  direct  meaning  of  this  word,  l.e.,  they  are  frequencies  of  stand¬ 
ing  waves  that  can  exist  in  stationary  manner  in  the  given  volume  and 
satisfy  the  boundary  conditions.  They  depend  both  on  the  properties  of 
the  plasma  and  on  the  geometrical  form  and  dimensions  of  the  volume 
under  consideration.  Such  resonan-es  we  shall  call  buildup  resonances; 
in  radio  language  they  correspond  to  the  vanishing  of  the  imaginary 
part  of  the  plasma  Impedance.  They  must  be  distinguished  from  absorp- 
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tlon  resonances,  v;hich  correspond  to  naxlra  of  the  real  part  of  the 
Impedance.  • 

In  tinbotmded  plasma  there  Is  also  a  series  of  characteristic  fre¬ 
quencies,  which  depend,  naturally^  only  on  the  properties  of  the  plasma 
■Itself.  These  frequencies  are  also  customarily  called  resonant,  al¬ 
though  it  would  be  more  correct  to  call  them  the  frequencies  of  anoma¬ 
lous  dispersion.  These  include  first  of  all  the  electron  and  ion  cyclo¬ 
tron  frequencies,  at  which  the  refractive  Index  of  the  plasma  along  ' 
the  magnetic  field  becomes  Inf^lte.  For  the  refractive  Index  trans¬ 
versely  to  the  magnetic  field,  an  analogous  role  Is  played  by  two  fre¬ 
quencies  which,  using  the  very  appropriate  suggestion  by  Hurwltz  [2], 
are  called  hybrid.  In  a  dense  plasma  the  lov;er  one  of  these  frequencies 
Is  close  to  the  geometric  mean  of  the  electron  and  Ion  cyclotron  reso¬ 
nances,  and  the  upper  one  Is  close  to  the  plasma  frequency.  At  these 
frequencies  the  phase  velocity  of  wave  propagation  In  the  plasma  van¬ 
ishes  In  the  corresponding  directions.  The  anomalous  dispersion  Is  ac¬ 
companied  by  energy  absorption.  Therefore  the  characteristic  frequen¬ 
cies  of  an  unbounded  plasma  always  correspond  to  absorption  resonances. 

One  cam  point  out,  however,  conditions  under  which  there  coincide 
with  the  anomalous  dispersion  frequencies  also  buildup  resonances.  The 
resonance  condition  for  a  standing  wave  requires  that  the  time  of  prop¬ 
agation  of  the  wave  betv;een  the  specified  boundaries  coincide  with  the 
period  of  the  oscillation.  Away  from  the  anomalous  dispersion  frequen¬ 
cies,  the  rate  of  wave  propagation  both  along  the  magnetic  field  and 
transversely  to  It  tends  to  the  Alfven  velocity.  If  the  dimensions  are 
small  or  the  Alfven  velocity  large  (low  densities,  strong  magnetic 
fields),  then  the  resonance  condition  can  be  satisfied  only  by  letting 
the  phase  velocity  tend  to  zero,  l.e. ,  anomalous  dispersion.  Therefore, 
If  we  decrease  the  plasma  density,  decrease  the  dimensions  of  the  vol- 
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tine  occupied  by  It,  or  increase  the  intensity  of  the  static  na^netic 
field,  then  the  resonance  frequencies  shift  toward  the  ancnalcus  dis¬ 
persion  frequencies,  l.e.,  the  buildup  resonances  coincide  with  the 
absorption  resonances.  To  the  contrary.  In  a  dense  plasma  pinch  of 
large  radius,  the  most  Important  of  the  buildup  resonances,  namely 
magnetic -sound  resonance,  can  be  realized  In  pure  form. 

The  dispersion  eqxiation  contains  two  wave  numbers,  the  radial 
and  the  longitudinal  1^.  The  longitudinal  wave  niimber  Is  determined  by 
the  boundary  conditions  on  the  ends  of  the  cylinder,  while  the  radial 
one  la  determined  by  the  conditions  on  its  lateral  surfaces.  If  the 
cylinder  Is  surrounded  on  its  lateral  surface  by  Ideally  conducting 
walls.  In  which  c\irrent  flows,  then  the  approximate  boundary  condition 
reduces  to  the  vanishing  of  the  azimuthal  electric  field  on  the  ^^all. 
The  total  magnetic  flux  through  the  transverse  cross  section  vanishes 
In  this  case,  since  the  sign  of  the  longitudinal •alternating  magnetic 
field  reverses  along  the  radius.  If  a  gap  exists  between  the  wall  emd 
the  plasma,  then  one  can  assvime,  in  view  of  the  large  refractive  Index 
of  the  plasma,  that  the  boxindary  condition  Is  specified  on  the  surface 
of  the  plasma  and  not  on  the  surface  of  the  wall.  For  a  plasma  cylinder 
of  radius  Rq  the  boundary  condition  requires  that  k^^RQ  be  equal  to  tne 
root  of  a  definite  combination  of  Bessel  functions.  In  the  simplest 
case  of  axially  symmetrical  oscillations  for  a  cylinder  surrounded  by 
conducting  walls,  should  be  equal  to  one  of  the  roots  of  a  first- 

order  Bessel  function. 

For  free  oscillations  with  radiation  electromagnetic  waves  at  in¬ 
finity,  an  approximate  boundary  condition  Is  Imposed  on  the  longitud¬ 
inal  alternating  magnetic  field,  and  for  the  case  of  axial  symmetry 
this  condition  Is  that  kj^Rg  equal  to  one  of  the  roots  of  the  zero- 
order  Bessel  function.  In  this  case,  owing  to  radiation  of  energy  at 
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Infinity,  the  frequency  Is  ccnplex,  l.e.,  the  oscillatlcns  are  danped. 

The  attached  plots  show  In  dlnenslonless  form  the  resonant  fre¬ 
quency  of  a  plasma  cylinder  for  three  cases  with  different  values  of 
the  longitudinal  wave  number.  The  horizontal  axis  represents  the  square 
of  the  resonant  frequency  divided  by  the  product  of  the  electron  and 
Ion  cyclotron  frequencies: 


Q 


“A 


The  vertical  axis  represents  the  quantity 


where  Is  the  radial  wave  number,  c  Is  the  velocity  of  light,  and  Uq 
Is  the  plasma  frequency.  This  quantity  Is  Inversely  proportional  to 
the  running  number  of  electrons  In  a  length  equal  to  the  classical 
radius  of  the  electron.  We  shall  call  the  reciprocal  quantity,  l/z, 
the  effective  running  number  of  electrons.  The  parameters  of  the  curves 
are: 

A  =  =  c^/u^  —  the  square  of  the  refractive  Index  corres¬ 

ponding  to  the  Alfven  velocity; 

B  =  =  W/zm.  —  the  ratio  of  the  electron  and  Ion  cyclotron 

frequencies  and  y  =  l^c  /Wq,  where  1<2  is  the  longitudinal  wave  number. 
The  values  of  A  and  B  are  taken  for  hydrogen  at  the  density  for  which 
the  plasma  frequency  Is  equal  to  the  electron  cyclotron  frequency.  The 
plots  correspond  to  different  values  of  Increasing  from  Pig.  1 
toward  Fig.  3.  Figure  1  represents  pure  radial  oscillations  of  an  In¬ 
finite  cylinder.  There  is  one  low-frequency  branch  corresponding  to 
magnetic  sound.  When  the  running  number  of  electrons  Is  small  (z  -*■  ») 
the  resonant  frequency  tends  to  the  lower  hybrid  frequency  (vertical 
line).  In  the  case  of  a  large  running  number  of  electrons  (z  -*0,  mag¬ 
netoacoustic  region),  magnetic  sound  resonance  is  possible  at  frequen- 
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cles  as  Iqv/  as  desired.  Above  the  lov;er  hybrid  frequency  there  is  a 
broad  region  where  a  v/ave  propagating  transversely  to  the  field  does 
not  penetrate  into  the  plasna  (imaginary  frequencies).  Near  the  plasma 
frequency  (fi  =  A)  are  located  three  branches  of  high-frequency  elec¬ 
tron  oscillations.  In  the  case  of  a  cylinder  of  finite  length  (Figs. 

2  and  3)  the  high-frequency  branches  vary  little,  while  in  the  low- 
frequency  regions  a  second  branch  eirlses  (magnetohydrodynamlc  oscilla¬ 
tions  of  the  TEM  type)  with  anomalous  dispersion  at  the  Ion  cyclotron 
frequency.  These  are  oscillations  propagating  along  the  fields  and  re¬ 
flected  from  the  ends  of  the  cylinder. 

A  very  Important  difference  between  a  finite  cylinder  and  an  in¬ 
finite  one  is  the  behavior  of  the  magnetic -sound  branch  near  the  lower 
hybrid  frequency.  The  pvirely  radial  oscillations  at  the  lower  hybrid 
frequency  are  cut  off.  Oblique  waves,  on  the  other  hand,  propagate  In 
the  plasma  even  at  frequencies  above  the  lovrer  hybrid  one.  In  place  of 
a  region  of  total  reflection,  in  a  finite  cylinder  there  is  produced  a 
region  of  complex  values  of  the  refractive  index,  shifting  toward  the 
higher  frequencies.  This  region  is  represented  in  the  plots  by  the 
shaded  strip.  The  thin  continuous  line  in  the  strip  represents  the 
real  part,  and  the  two  thin  dashed  lines  represent  the  imaginary  parts 
of  the  two  complex  conjugate  values  of  z.  In  the  region  of  lo*w  frequen¬ 
cies  there  is  also  an  imaginary  branch,  shown  dashed  in  the  figures. 

In  an  Incompletely  ionized  plasma  [3]  one  can  note  two  limiting 
cases:  if  the  frequency  of  the  charge-exchar.ge  collisions  is  small  com¬ 
pared  with  the  oscillation  frequency,  then  the  neutral  particles  are 
not  entrained  at  all,  and  the  opposite  case,  they  are  completely  en¬ 
trained  by  the  magnetic -sound  oscillations.  In  the  intermediate  region, 
where  the  oscillation  and  collision  frequencies  are  of  the  same  order 
of  magnitude,  a  partial  entrainment  of  the  neutral  particles  should  . 
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occur  and  lead  to  strong  damping. 


Experiment  [4]  shows  that  in  a  finite  but  long  cylinder,  magnetic- 
sound  oscillations  that  are  of  the  standing -v;ave  type  along  the  radius 
are  really  excited,  and  resonance  phenomena  that  depend  on  the  plasma 
concentration  are  observed.  Ihe  character  of  the  resonance  phenomena 
does  not  change  on  going  through  the  hybrid  frequency,  thus  indicating 
the  role  played  by  the  oblique  waves. 

The  combination  of  the  buildup  and  absorption  resonances  can  be 
used  for  ionization  purposes  [5l  and  for  high-frequency  heating  of  a 
plasma  [6]. 
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MAONETOHYDRODYNAMIC  INSTABILnY  OP  A  PLASMA  STREAM 
MOVUIG  THROUGH  AN  IONIZED  GAS 

V.P.  Dokuchayev 
Gor'kly 

• 

It  Is  shown  that  xifhen  a  plasma  stream  moves  through  an  ionized 
gas  with  a  velocity  larger  than  the  Alfven  wave  velocity,  the  system 
comprising  the  stream  and  stationary  plasma  becomes  unstable.  In  this 
case  one  of  the  normal  magnetohydrodynamic  waves  builds  up  with  time. 

A  criterion  for  Instability  Is  discussed  in  detail  and  the  buildup  co¬ 
efficient  of  this  wave  Is  analyzed. 

»  «  * 

A  study  of  magnetohydrodynamlc  waves  propagating  In  plasma  streams 
Is  of  certain  Interest  for  a  whole  series  of  astrophyslcal  and  geo¬ 
physical  problems.  This  pertains  in  particular  to  the  dynamics  of  solar 
corpus jular  streams,  to  arc  protuberances  on  the  sun,  and  possibly 
also  “o  motions  in  the  spiral  arms  of  galaxies.  However,  in  its  gen¬ 
eral  "ormulation,  the  investigation  of  the  magnetohydrodynamic  Insta- 
blll;/  of  a  plasma  stream  moving  through  a  completely  ionized  gas  is  a 
ver;'  complicated  problem.  By  virtue  of  this  it  becomes  necessary  to 
employ  several  simplifying  assumptions,  making  it  possible  to  obtain 
the  solution  of  the  problem  and  consequently  to  clarify  the  conditions 
\xndr  which  the  plasma  stream  is  unstable.  Let  us  consider  the  problem 
of  interest  to  us  In  the  following  formulation. 

Assume  a  stream  of  strongly  ionized  quasineutral  plasma  with  con- 

fjntratlon  N_,  moving  throvigh  a  strongly  ionized  quasineutral  gas  with 
s 
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concentration  Np.  Such  a  systen  is  scnetiras  called  a  systen  of  inter¬ 
penetrating  unbounded  noving  nsdla.  The  entire  systera  is  placed  in  an 
external  homogeneous  magnetic  field  11^,  v/hlch  Is  parallel  everysdiere 
to  the  stream  velocity  These  assumptions  greatly  facilitate  the 
subsequent  quantitative  analysis  of  the  problem  of  raagnetohydrodynamlc 
Instability  of  the  system  comprising  the  stream  plus  stationary  plasma, 
and  at  the  same  time  enable  us  to  establish  a  sufficiently  general  cri¬ 
terion  the  satisfaction  of  which  Indicates  the  occurrence  of  the  In¬ 
stability.  We  note  that  the  buildup  of  high-frequency  electromagnetic 
waves  occurring  during  the  motion  of  electron  and  Ion  streams  in  a 
plasma  has  been  considered  In  a  whole  series  of  papers  [1-4].  We  2u:e 
Interested  In  a  different  limiting  case  of  Instability,  namely  the  sta¬ 
bility  of  the  aforementioned  system  against  low-frequency  electromag¬ 
netic  waves  (with  frequency  lov/er  than  the  gyrofrequency  of  the  ions), 
when  the  latter  degenerate  Into  magnetohydrodynamlc  waves  [9l.  I<et  us 
determine  under  what  conditions  magnetohydrodynamlc  waves  that  grow  In 
time  occur  In  the  stream  plus  stationary  plasma  systera,  and  conse¬ 
quently  when  the  system  becomes  unstable.  . 

The  conservation  lav;s  for  the  momentum  of  electrons  and  ions  In  a 
strongly  Ionized  gas,  when  the  degree  of  ionization  is  so  large  that 
the  Interaction  betv/een  the  charged  particles  prevails  over  their  In¬ 
teraction  with  the  neutral  atoms,  can  be  ;irrltten  in  the  form  [6] 

where  ^1  ~  ®1^^1  densities  of  the  electron  and 

ion  masses  in  the  plasma,  and  v^  cire  the  velocities  of  the  elec¬ 
trons  and  the  ions,  ^  £ind  ^  are  the  forces  acting  on  the  electron 
and  Ion  gas,  ^  and  IT  are  the  intensities  of  the  electric  cind  magnetic 
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fields,  Is  the  nunher  of  collisions  betv/een  an  electron  and  the 

Ions  per  unit  time,  e  Is  the  electron  charge,  and  are  the  mass 

of  the  electron  and  the  Ion,  and  ir  and  N,  are  the  concentrations  of 

el 

the  electrons  and  the  Ions  per  cubic  centimeter.  We  Introduce  the  vel¬ 
ocity  "v  of  the  motion  of  the  entire  plasma  as  a  whole,  and  the  density 
of  the  electric  current  J,  in  the  usual  manner: 

l  =  eff(v,  —  v,),  (3) 

■*  P.®#  +  Pj®» 

7  •  (^) 

where  p  =  Pg  +  For  a  quaslneutral  plasma  we  have  =  N,  amd 

consequently  p  —  p^.  Using  Relations  (3)  and  (4)  we  can  readily  trans¬ 
form  (1)  and  (2)  into 

(5) 

% + -J+  ».l75  -  ^  (i  +  J  w)  +  (6) 

Where  =  eH/ragC  Is  the  gyrofrequency  of  the  electron  In  the  magnetic 
field  hT,  and  T  Is  the  unit  vector  of  this  field.  In  the  derivation  of 
(5,  6)  it  was  assumed  that  m^^^  »  ra^.  Equation  (5)  is  the  hydrodynamic 
equation  for  the  plasma,  while  Eq.  (6)  for  the  electric  current  T  ex¬ 
presses  the  generalized  Ohm's  law.  Unlike  the  relations  given  In  [5,  6] 
In  the  derivation  of  Eq.  (6)  we  have  retained  here  the  total  deriva¬ 
tives  with  respect  to  time  d/dt  =  (d/dt)  +  (Tv),  v/hlch  is  of  Importance 
in  the  present  case.  From  Jlax'.vell's  electrodynamic  equations  it  fol¬ 


lows  that 


-  I  dPE  Art  df 


t  p  * 

- - 


Starting  with  Eqs.  (5-8),  v/e  can  readily  set  up  linearized  equations 
describing  the  electrodyr.amlc  processes  in  the  stream  plus  stationary 


plasma  system: 


(9) 

(10) 

• 

(11) 

dv,  1 

(12) 

.c  Id* 

rot£=«--^,  ^ 

(13) 

-  1  d»i  Art  d(7,+h 

^  7^W  7  d/  * 

(14) 

Hie  subscripts  ^  and  ^  pertain  to  quantities  In  the  stream  and  In  the 
resting  plasma,  respectively,  ^  Is  the  stream  velocity,  and  Is  the 
external  magnetic  field. 

The  system  (9-1^)  allows  us  to  obtain  the  dispersion  equation  for 
plane  transverse  electromagnetic  waves  propagating  along  the  stream, 
and  consequently  along  the  force  lines  of  the  magnetic  field  Let 
us  choose  a  rectangular  coordinate  system  and  direct  the  z  axis  along 
the  magnetic  field.  For  the  sake  of  convenience  \ie  choose  the  complex 
quantities 


and  analogously  represent  the  stream  quantities  and  With  this 

notation  and  under  the  assumption  that  all  the  indicated  quantities 
vairy  as  exp  l(cot  —  kz),  v/here  co  and  k  are  the  frequency  and  the  vm^ve 


number,  we  obtain  the  following  dispersion  equation: 


ta  —  kVt  ±  —  ~ !“«-«/(“  ~ 

_1 _ _ 


“  ±  ^  “it  -  ' 


(15) 


where  u  =  air e  the  plasma  fre 

56  9  6  P  6 


1 1/2 
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quencies  of  the  electrons  In  the  stream  and  In  the  stationary  plasma, 

=  eHo/m^c  Is  the  gyrofrequency  of  the  ions.  The  plus  sign  corres¬ 
ponds  to  the  ordinary  v/ave  eind  the  minus  sign  to  the  extraordinary  one. 
Dispersion  Equation  (15)  describes  the  propagation  of  transverse  elec¬ 
tromagnetic  v^aves  only.  The  propagation  of  longitudinal  high-frequency 
waves  was  considered  in  [7*  8]*  In  the  absence  of  a  stream,  v/hen  (•>_-  = 
=»  0,  Eq.  (15)  goes  over  into  the  well-known  equation  for  electromag¬ 
netic  waves  propagating  in  a  plasma  along  the  magnetic  field  [9].  When 

the  entire  plasma  moves  and  =  0,  and  also  when  the  ions  are  neg- 

P® 

lected,  we  obtain  from  (15)  the  equation  derived  In  [4], 


Let  us  consider  the  usual  approximation  of  magnetohydrodynamics  — 


the  case  of  extremely  low  frequencies  w  «  —  and  let  us  assume  that 

KVq  «  and  then  we  obtain  from  (15) 


*»=.***  X  “*  ,  (a  — *Vo)« 


Where  we  Introduce  the  Alfven  wave  velocities 


and  w»  . 

Hie  solution  of  the  dispersion  equation  (16)  can  be  readily  obtained 
and  can  be  written  In  the  form 

!?_  [(>  -  s)  -  v^]  ,  , 

For  the  analysis  that  follows  it  is  convenient  to  rev/rlte  the  formula 
in  a  somewhat  different  form  with  account  of  the  fact  that  we  are  con¬ 
sidering  a  stream  of  particles  with  nonrelativlstic  velocities  (Vq  « 
«  c): 

I - «,+«,+«, - (18) 

We  have  Introduced  here  the  notation  It  =  and  IIq  = 

From  (13)  we  can  readily  establish  that  if  the  condition 
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Pig.  1.  Plane  of  the  parameters  Np  and 
N_:  l)  system  stability  region;  II)  sys- 

a 

tern  Instability  region;  the  dashed  lines 
are  the  asymptotes  of  the  boundary  curve. 

(19) 

Is  satisfied  nihere  appear  in  the  stream  plus  statlonaiy  plasma  system 
waves  that  build  up  with  time,  l.e.,  the  system  becomes  unstable.  This 
type  of  magnetohydrodynamic  instability  difference  from  the  instability 
of  plasma  streams  against  high-frequency  electromagnetic  perturbations, 
when  u  >  [1-4].  In  magnetohydrodynamics,  in  addition  to  the  condi¬ 

tion  u  «  Qjj,  it  is  usually  assimied  that  N  >  Nj^.  In  this  case  (19) 
can  be  rev/rltten  in  the  form  >  v|  =  +  V^p.  Thus,  a  magnetohydro- 

dynanic  instability  arises  in  the  case  when  the  stream  velocity  ex¬ 
ceeds  the  Alfven  wave  velocity  in  the  stream  plus  stationary  plasma 
system.  In  this  case  it  is  necessary  to  use  for  the  system  density  the 
reduced  density  1/p  =  l/Pg  +  VPp-  K  must  be  noted  that  an  analogous 
instability  criterion  is  encountered  in  m.agnetohydrodynamlcs  in  the 
analysis  of  the  instability  of  tangential  discontinuities  [11]. 

PlgTore  1  shows  a  plot  of  the  stability  boundary  in  the  plane  of 
the  parameters  Np,  N^.  The  boundary  curve  is  determined  by  the  equation 
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J  -  i  .  I  >  I 

.V,  Af.+A/,+  ;v,.,v,  • 

The  shaded  pau’t  of  the  plane  together  v;ith  the  boundary  is  the  region 
where  the  system  Is  stable.  The  remaining  part  of  the  plane  is  the  re¬ 
gion  of  magnetohydrodynamlc  instability  of  the  system.  The  boundary  is 
an  equilateral  hyperbola  with  asymptotes  parallel  to  the  coordinate 
axes.  It  is  easy  to  obtain  the  value  of  the  plasma  concentration  cor¬ 
responding  to  the  asymptotic  values  of  the  curve.  This  value  is  Nq  for 
Np  and  N3. 

If  Condition  (19)  is  satisfied  in  the  stream  plus  plasma  at  rest, 
one  of  the  normal  waves  builds  up  with  time.  The  buildup  coefficient  y 
Is  determined  from  (I8)  and  has  the  form 

-  +  (20) 

By  regarding  y  as  a  function  of  two  variables  y  =  7(Np,  N^),  we  can 
determine  the  condition  for  the  maximum  value  of  the  buildup  coeffi¬ 
cient.  It  tvirns  out  that  y  has  a  maximum  if  the  equality  Np  = 

=  (Ng  +  Njjp)(Ng  +  NQ)/(Ng  “  Nq)  is  f u  1  f  1 1 1 6 d .  In  this  case  the  maximum 
value  of  the  buildup  coefficient  is  =  (lcVQ/2){Ng  —  Nq 

We  shall  assxane  that  Np  and  Ng  »  Nj^,  Nq,  and  then  y  =  kVQ  V^pNgANp  + 
+  Ng),  Yjjj^  =  VVq/2.  Thus,  y  asstimes  a  maximum  value  in  the  case  when 
the  plasma  concentration  in  the  beaim  is  approximately  ecjual  to  the 
plasma  concentration  in  the  medium  at  rest. 

In  conclusion  it  must  be  noted  that  dispersion  equations  analogous 
to  (17)  or  (18)  are  encovmtered  also  in  ordinary  hydrodynamics  in  the 
analysis  of  instability  of  Jet  flows  [12]. 
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This  formula  is  a  generalization  of  the  formula  which  we 
have  derived  previously  [10]. 
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INTERACTION  OF  ION  BEAM  WITH  MAGIETOACTIVE  PLASMA* 

N. L.  Tslntsadze,  D.G.  Lomlnadze 
Tbilisi 

It  was  shown  in  several  investigations  that  in  the  absence  of  a 
magnetic  field  the  state  of  an  unmodulated  electron  beam  with  homo> 
geneous  density  and  with  constant  velocity  is  unstable  as  the  beam 
moves  through  a  plasma. 

When  the  plasma  is  in  an  external  magnetic  field,  passage  of  a 
particle  beam  through  it  may  be  accompanied  by  new  types  of  Instabili¬ 
ties,  one  of  which  is  connected  with  the  anomalous  Doppler  effect  and 
the  other  with  the  low-frequency  oscillation  of  the  plasma. 

We  consider  in  the  article  the  excitation  of  electromagnetic 
waves  in  an  unboiinded  plasma  situated  in  a  magnetic  field  1?^  brought 
about  by  a  nonrelativist Ic  cylindrical  particle  beam  of  radius  rQ  pass¬ 
ing  through  the  plasma  parallel  to  the  external  magnetic  field.’ 

The  system  of  equations  describing  the  Interaction  between  the 
charged  beam  and  the  plasma  will  be  specified  by  means  of  the  self- 
consistent  Maxwell  equations  together  with  the  linearized  kinetic  equa¬ 
tions  for  the  electrons  and  ions  of  the  beam  and  of  the  plasma. 

By  integrating  the  kinetic  equation  over  the  trajectory  of  the 
charges  under  the  assumption  that  the  magnetic  field  is  strong,  we  de¬ 
termine  the  dielectric  tensor 


Assuming  that  the  components  of  the  electromagnetic  field  are  pro- 

~  29s  ^ 


portlonal  to  exp  (l(kz  —  cut)],  and  solving  Ma»;ell's  equations,  we  ob¬ 
tain  all  the  field  components.  The  continuity  of  the  tangential  compo¬ 
nents  of  the  electric  and  magnetic  fields  on  the  surface  separating  the 
cylindrical  beam  from  the  plasma  determine  the  boundary  conditions, 
from  which  we  obtain  the  dispersion  relation.  This  complicated  disper¬ 
sion  equation  describes  both  the  longitudinal  and  the  transverse  oscil¬ 
lations.  In  view  of  Its  complexity,  we  consider  only  transverse  oscil¬ 
lations,  carrying  out  expansion  In  powers  of  l/q  In  the  frequency  re¬ 
gion  0)  <  =  eU/me.  The  resultant  dispersion  equation  will  be  Inves¬ 

tigated  for  broad  and  narrow  Ion  beams. 

We  first  consider  the  cyclotron  mechanism  of  wave  excitation  In  a 
plasma  with  the  aid  of  ion  beams.  If  u  Is  the  velocity  of  the  beam 
along  the  magnetic  field,  then,  as  a  result  of  the  anomalous  Doppler 
effect,  the  frequency  Is  given  by  w  =  ku  —  ojjj  =  w^(u/V  —  1)“^,  where 
V  =  «/k  Is  the  phase  velocity  of  the  waves.  Neglecting  the  thermal  mo¬ 
tion  In  either  beam  or  plasma  for  broad  Ion  beams,  we  obtain  the  wave 
buildup  Increment 


>=/ 


u~V 
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SI 


c»  {u-vy* 
2uV 


g— VI 
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(1) 


where  is  the  Alfven  velocity  of  the  plasma  Ions,  and 

O  =  47rne^/m  Is  the  Langmuir  frequency  of  the  beaun  ions. 


The  corresponding  cases  for  narrow  Ion  beams  have  the  form 
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where  Is  the  root  of  the  Eessel  function  jQ(<rQ)  =  0. 

As  follows  from  (l)  and  (2),  waves  are  excited  if  u  >  V,  the  beam 
velocity  exceeds  the  wave  phase  velocity. 


o 
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For  broad  beams,  taking  into  account  the  thermal  scatter  of  the 
particle  velocities  In  the  beam  and  the  low  density  of  the  particles, 
the  oscillation  buildup  increment  is 

*4  s  "'I*  V*  (B-iOV'J  • 
where  S  is  the  thermal  velocity  of  the  beam  Ions,  Is  the  Langmuir 
frequency  of  the  plasma  Ions. 

Analogously  we  have  for  narrow -beams: 

r  c»(a-^Vy  ... 

Vi - vRq/^  y  ^‘*1 

We  conclude  that  oscillations  are  excited  in  the  plasma  In  Case 
(3)  when  u  >  V  and  V  »  ,  and  In  Case  (4)  when  u  >  V  and  Tq  > 

>  V). 

This  was  followed  by  an  Investigation  of  the  excitation  of  mag- 
netohydrodynamlc  waves  (oj  «  )  with  the  aid  of  Ion  beams. 

We  determine  the  frequency  for  an  Interaction  between  a  broad  Ion 
beam  and  a  plasma  (both  cold)  by  assuming  that  the  beam  density  Is 
much  smaller  than  the  plasma  density,  n  «  n^^,  Ci^/k.  r  »  /«  »  1, 

and  »  1, 


I, _ Li/1  T 

r  i 

^  I  B*-Vi  I  ’ 


auid  for  a  narrow  beam  the  Imaginary  part  of  the  buildup  increment  Is 


fe). 

**  \*j 


Wave  excitation  occurs  for  (5)  v;hen  u  >  and  In  the  case  (6)  when 
u  >  V  =  V^^a^kTo. 

We  have  also  considered  other  cases  of  Interaction  between  Ion 
beams  auid  a  plasma;  we  conclude  from  all  this  that  the  excitation  of 
certain  waves  Is  directly  connected  with  the  beam  radius. 
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The  article  was- published  in  "ZhTF,"  XXXI,  1039,  1961,  where 
the  question  Is  examined  In  greater  detail. 
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MAG11ET0HYDR0DYNAI4IC  EQUATIOHS  FOR  A  NONISOTHERMAL 

COLLISION-FREE  PLASMA  .  , 

Yu.L.  Kllmontovlch,  V. P.  Sllln 
Moscow 

In  spite  of  the  large  number  of  Investigations  devoted  to  the 
derivation  of  the  magnet ohydrodynamic  equations  for  a  plasma  without 
collisions,  the  analysis  of  this  question  can  nevertheless  not  be  re¬ 
garded  as  complete. 

One  of  the  main  researches  on  this  question  Is  that  by  Chew,  Gold- 
berger,  and  Low  [1].  Its  results  were  the  basis  for  many  subsequent 
Investigations  devoted  to  magnetohydrodynamic  theory  of.  plasma. 

It  must  be  noted,  however,  that  the  main  premise  of  this  ivork, 
namely  that  the  electric  field  Is  perpendicular  to  the  magnetic  induc¬ 
tion  In  a  collision-free  plasma,  is  not  satisfied,  as  will  be  shown 
below.  This  leads.  In  particular,  to  the  violation  of  the  adiabatic 
equation  of  Reference  [1].  Only  a  correct  allowance  for  the  longitud¬ 
inal  field  arising  in  the  plasma  (which  was  not  made  in  [1])  leads  to 
the  correct  spectrum  of  the  magnetohydrodynamlc  waves  in  the  plasma. 

It  must  finally  be  noted  that  the  magnetohydrodynamlc  equations 
obtained  in  [1]  do  not  take  account  of  dissipative  processes.  However, 
as  will  be  shown  below,  even  under  the  conditions  when  the  collisions 
In  the  plasma  are  not  significant,  the  magnetohydrodynamlc  equations 
contain  dissipative  terms  due  to  the  absorption  of  the  arising  magnetic 
sound  waves  by  the  electrons. 

-  In  the  present  article  we  consider  the  magnetohydrodynamlc  equa- 


tlons  only  for  the  case  of  a  strongly  nonlsothermal  plasma. 

Correct  estimates  of  the  conditions  under  which  the  magnetohydro- 
dynanic  description  is  applicable  for  such  a  case  are  contained,  for 
example.  In  the  paper  by  S.I.  Braginskiy  [2].  However,  for  exaunple  to 
Investigate  the  spectrum  and  damping  decrement  of  magnetic  sound  waves 
In  a  plasma,  or  to  consider  the  question  of  the  possibility  of  the  ex¬ 
istence  of  shock  waves  In  a  plasma.  It  Is  necessary  to  use  the  complete 
system  of  magnetohydrodynamlc  equations  for  a  plasma  with  Inclusion  of 
the  dissipative  terms. 

In  a  strongly  nonlsothermal  plasma  It  Is  possible  In  many  cases 
to  neglect  the  thermal  motion  of  the  Ions.  Then,  In  the  absence  of  col¬ 
lisions,  the  Ion  motion  can  be  described  by  the  continuity  equation 

(1) 


do 

g+div|.V=0 


(2) 


and  by  Newton's  equation 

dV  dV  ,  /,■*  f"*  1  -k-*! 

Here  p  Is  the  mass  density,  q^  the  ion  charge  density,  t) 

the  ion  velocity,  ^  and  ^  the  electric  and  magnetic  field  intensities. 

To  describe  the  motion  of  the  electrons  in  a  nonlsothermal  plasma. 
It  is  necessau^y  to  use  the  kinetic  equation  with  self-consistent  field 

(3) 

For  frequencies  <»)  that  are  small  compared  with  the  Larmor  Ion  fre¬ 
quency  (in  a  coordinate  system  bound  to  the  Ions),  we  obtain  from  Eq. 
(2),  neglecting  terms  of  second  order  of  smallness. 

Substituting  this  expression  for  ^  Into  the  field  equation  rot  ^  = 

= -(l/c)2iBy3t,  we  get 
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(5) 


Equation  (5)  Is  Indeed  Included  In  the  system  of  magnetohydrodynamlc 
equations  for  a  plasma.  Neglect  of  the  collisions  causes  the  conduc¬ 
tivity  to  be  Infinite.  The  second  equation  has  the  form  • 


divB=0.  (6) 

# 

If  the  Langmuir  frequency  of  the  Ions  Is  much  larger  than  the  con¬ 
sidered  frequency  u,  then  we  can  neglect  the  displacement  current  In 
the  field  equations,  which  assvune  the  following  form: 


/= (c/4.7) rot B,  ^=0.  (7) 

Here  f  +  e Is  the  current  density  and  q  =  q^^  +  e  / tdp  Is 

the  plasma  charge  density. 

To  obtain  a  closed  system  of  magnetohydrodynamlc  equations  It  is 
necessary,  using  Eqs.  (3,  7)»  to  determine  the  electric  field  In  terms 
of  the  electron  characteristics  and  to  eliminate  the  field  from  Eq.  (2). 

We  shall  do  this  first  without  account  of  the  dissipative  proc¬ 
esses.  If  the  characteristic  magnetohydrodynamlc  velocities  are  much 
smaller  than  the  electron. thermal  velocities  ^ xT/m,  then  we  can  neg¬ 
lect  the  term  9f/9t  In  the  kinetic  equation  for  the  electrons  (3)  when 
we  derive  the  hydrodynamic  equations  without  the  dissipative  terms. 

This  means  that  a  statlonaury  distribution  can  always  be  established 
for  the  electrons. 

We  denote  by  t)  the  electric  potential,  and  by  ^  =  X./'Iq 

the  electron  drift  velocity,  and  attempt  to  satisfy  Eq.  (3)  by  means 
of  a  solution  In  the  form 

(8) 

Here  P  Is  am  arbitrary  function.  As  a  particular  case,  for  example, 
the  function  _f  Is  a  Maxwell-Boltzmann  distribution. 

Let  us  find  an  expression  for  ^  as  a  function  of  p,  T,  S’,  for 
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v/hlch  Expression  (8)  satisfies  Eq.  (3).  For  this  purpose  v;e  multiply 
Eq.  (3)  with  hC/bt  =  0  by  7  and  Integrate  over  the  momenta.  As  a  result 
we  obtain  a  transport  equation  for  the  electron  momentiam  density 


Using  Expression  (8)  we  obtain 


+  (10) 

Here 

Substituting  Expression  (10)  in  Eq.  (9)  and  using  the  continuity  equa- 


tlon«  we  obtain 


Comparing  (11)  with  (2)  we  see  that  In  calculating  the  electric 
field  intensity  E  we  can  neglect  the  first  term  in  (11),  owing  to  the 
smallness  of  the  mass  ratio  m/U.  As  a  result  we  obtain  the  sought  ex¬ 


pression  for  E 


Substituting  this  expression  In  (2)  and  recognizing  that  In  ac¬ 
cordance  with  (7)  Pg  =  le^^/elp  and  J  =  q^^V  +  we  obtain  the  mag- 

netohydrodynamlc  equations  of  motion  without  account  of  the  dissipative 
processes: 

(13) 

Here  =  ^le^^/e  1kT/^1  Is  the  velocity  of  sound  in  the  plasma 

(T  =  const).  Equations  (1,  13,  5,  6)  do  Indeed  form  a  closed  system  of 
magnetohydrodynamlc  equations.  This  system  coincides  with  the  corres¬ 
ponding  system  of  equations  for  an  Ideal  liquid,  if  the  pressure  Is 


written  In  the  form  p  =  v^p. 
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If  dissipative  processes  are  Included,  a  supplementary  term 

appears  In  Eq.  (13),  where  js  the  force  due  to 

the  radiation  of  magnetic  sovind  waves.  The  expression  for  Is 

obtained  by  solving  the  kinetic  equation  for  the  electrons  (of  course, 
with  allowance  also  for  the  term  Sf/3t),  and  has  the  following  form: 

Here  is  the  external  constaint  field,  Pq  Is  the  average  density, 

Q(r)==-^ft‘^r(k)dk. 

It  follows  from  (l4)  that  the  dissipative  force  is  proportional  to  the 
square  root  of  the  electron  temperature  and  to  ^  nV^.  It  is  Important 
to  note  also  that  the  dissipative  force  has  in  this  case  an  essentially 
nonhydrodynamlc  form.  Indeed,  in  the  given  case  we  arrive  at  em  in¬ 
tegral  equation,  because  of  the  nonlocal  character  of  the  forces  brought 
about  by  the  absorption  of  magnetic  sound  waves. 

The  equations  obtained  were  used  for  the  analysis  of  the  question 
of  the  spreading  of  a  wave  packet  in  a  plasma.  In  the-  case  under  con¬ 
sideration,  the  spreading  follows  a  linear  law  (the  width  of  the  packet 

la  proportional  to  the  time).  The  rate  of  spreading  Is  yv/kv  ,  where 

s 

v^  is  the  phase  velocity  of  the  magnetic  so\ind  waves: 

^  =  —  cos-  a), 


y  .  (cos2«-ncos2x|  1  . 

4  l'2i  j/1 +P-2y'cosiJlCMxl*  ^  \vj 

is  the  damping  decrement  of  the  magnetic  sound  waves.  The  expressions 
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for  V®  and  coincide  with  those  obtained  In  [3l* 

On  the  basis  of  the  system  of  hydrodynamic  equations  obtained,  we 
Investigated  also  the  possibility  of  existence  of  stationary  shock 
waves  In  a  plasma.  We  first  give  here  the  corresponding  formulas  for 
the  case  when  the  magnetic  field  Is  equal  to  zero. 

In  this  case  the  equation  of  motion  assumes  the  form 

The  kernel  Qq  differs  from  Q  In  that  Ikb^I/Bq  is  replaced  by  |k|.  This 
eqxiatlon  together  with  the  continuity  equation  comprises  a  closed  sys¬ 
tem  of  hydrodynamic  equations  for  the  plasma  with  account  of  the  dis¬ 
sipative  processes  when  Bq  =  0.  The  kernel  Q  (or  Qq  In  the  absence  of 
a  magnetic  field)  decreases  slowly  with  Increasing  r.  This  is  connected 
with  the  fact  that  T(k)  has  a  singularity  at  k  =  0.  The  appearance  of 
this  singularity  Is  connected  with  the  fact  that  In  the  case  which  we 
are  considering  the  characteristic  dimensions  of  the  spatial  Inhorao- 
geneltles  are  assumed  to  be  small  compared  with  the  mean  free  path. 

For  dlstainces  r  that  are  comparable  with  or  greater  than  the  mean 
free  path  1,  we  must  use  In  place  of  the  given  expression  for  Qq  the 
expression 


Here  T  =  2/tt1;  Kq  Is  the  Macdonald  function. 

For  the  onej^dlmensional  case,  when  V  depends  not  on  the  coor¬ 
dinates  ^  and  z  but  only  on  x  and  _t,  the  kernel  Q(r)  must  be  Integrated 
with  respect  to  and  z.  In  this  case  we  obtain  in  place  of  the  ex¬ 
pression  for  Q{r)- 


In  the  absence  of  a  magnetic  field  we  must  replace  Bq/IBq^I  In  this 
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expression  by  unity. 

To  Investigate  the  possibility  of  the  existence  of  shock  waves. 

It  Is  sufficient  to  consider  Eqs.  (1,  16)  for  the  one-dlmenslonal  case. 
We  Introduce  a  coordinate  frame  fixed  on  the  discontinuity  surface  and 
direct  the  x  axis  perpendicular  to  this  surface.  Using  Eqs.  (1,  2,  16) 
we  obtain  the  conditions  for  the  continuity  of  the  matter  flxix  and 
momentum  flux  of  the  discontinuity  surface.  Putting  pV  =  Jq  and  elim¬ 
inating  p  from  these  continuity  conditions,  we  vn?lte  down  the  contin¬ 
uity  condition  for  the  momentm  density  fliox  in  the  form  of  an  Integral 
equation 


We  Introduce  a  new  constant  V“  and  write  C  In  the  form  V“  +  v?/V“. 

8 

In  this  case  the  Integral  equation  (17)  assiunes  the  form 


*  —80 


Equation  (18)  Is  satisfied  by  definite  constant  values  of  the  velocity 
V.  To  determine  these  constant  values  we  obtain  from  (l8)  the  equation 


V-V-+vl(^-^)  =  0;  (19) 

from  which  follow  to  constant  values  for  V,  namely  V  =  V”,  V  =  v^/V”  = 
=  V^.  Both  values  coincide  only  if  V"  =  v^. 

To  answer  the  question  of  whether  shock  waves  exist  in  a  plasma  we 
must  consider  the  possibility  of  a  solution  of  Eq.  (l8)  such  that  It 
assumes  values  V"*"  and  V",  where  V'*’  /  V”,  as  x  -►  Hro«». 

It  follows  from  (18)  that  such  a  solution  of  the  equation  exists 
when  the  transition  from  V”  to  is  such  that  V(x)  changes  little 
over  distances  on  the  order  of  the  mean  free  path.  Indeed,  we  can  taka 


-  308  - 


dV/dx  In  this  case  outside  the  Integral  sign,  and  the  Integral  equation 
reduces  In  first  approximation  to  the  follov/lng  differential  equation 

(20) 

It  is  well  known  that  Eq.  (20)  has  a  solution  which  assumes  the 
values  V"*"  and  V“  when  x  -►  In  this  case  we  must  have  V”  >  v_,  v_  > 

•  9  9 

>  In  order  for  the  solution  to  be  stable.  The  width  of  the  transi¬ 
tion  region  Is  determined  by  the  mean  free  path.  In  the  approximation 
employed  by  us,  this  case  Is  einalogous  to  that  considered  In  ordinary 
gasdynamlcs. 

It  follows  from  (18)  that  the  plasma  cannot  support  a  statloneiry 
shock  wave  In  which  the  transition  from  V"  to  occurs  over  distances 
much  shorter  than  the  mean  free  path,  l.e.,  imder  conditions  when  col¬ 
lisions  can  be  neglected.  _ 

Indeed,  In  this  case.  If  we  assume  that  the  transition  from  V”  to 
V*"  occurs  near  Xq,  Eq.  (18)  can  be  approximately  written  In  the  form 

=  (21) 

since  the  right  half  differs  from  zero  also  when  x  —  Xq  -  1,  it  fol¬ 
lows  therefore  that  the  assumption  made  In  the  derivation  of  Eq.  (21) 

Is  not  corroborated. 

Thus,  no  stationary  shock  waves  with  width  smaller  than  the  mean’ 
free  path  exist  In  the  plasma. 

In  the  presence  of  a  magnetic  field,  the  corresponding  Integral 
equations  will  contain  Integral  terms  of  the  sane  type.  Therefore  In 
this  case  there  are  likewise  no  solutions  describing  stationary  shock 
waves  In  the  plasma,  with  width  much  smaller  than  the  mean  free  path. 

Let  us  note  again  the  conditions  under  which  the  derived  magneto- 
hydrodynamic  equations  are  valid: 

1)  the  mean  free  path  Is  assumed  to  be  infinitely  large; 
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2)  the  plasma  Is  strongly  nonlsothermal.  The  Ion  thermal  velocity 
is  equal  to  zero; 

3)  noticeable  changes  In  the  functions  p,  V,  and  B  occur  over  dis¬ 
tances  that  greatly  exceed  the  Debye  radius,  the  Larznor  radius,  and 
the  length 
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INSTABILITY  OF  A  SYSTEM  OF  TWO  ELECTRON  BEAMS 
IN  A  MAGNETIC  FIELD 

V.N.  Rutkevich 
Khar'kpv 

1.  INTRODUCTION 

Two  electron  beams  which  move  with  different  velocities  represent 
under  certain  conditions  an  unstable  system.  The  energy  of  trauisla- 
tlonal  motion  of  such  beams  changes  over  Into  the  energy  of  oscilla¬ 
tions  that  propagate  along  the  system.  The  Instability  against  longi¬ 
tudinal  oscillations  (space  charge  waves)  has  been  v/ell  Investigated 
and  Is  used  to  amplify  microwave  frequencies  In  traveling  wave  tubes. 

It  manifests  Itself  In  ”pxace  form”  either  In  the  case  of  large  trans¬ 
verse  electron  beam  dimensions,  when  the  edge  effects  are  not  signifi¬ 
cant  and  the  motion  Is  sufficiently  completely  described  within  the 
frcimework  of  the  one-dlmenslonal  problem,  or  else  In  the  case  of  a 
strong  magnetic  field,  when  the  electrons  move  only  along  the  magnetic 
force  lines. 

In  other  cases  the  transverse  motion  of  the  electrons  can  play  an 

essential  and  even  the  principal  role  [1,  2]  and  must  be  taken  Into 

consideration  In  the  analysis  of  the  question  of  stability  of  a  system 
of  electron  beams. 

Allowance  for  the  trainsverse  motions  Is  the  main  task  of  the  pres¬ 
ent  paper.  It  will  be  shown  that  a  system  of  two  beams  can  lose  its 

stability  not  only  because  of  space  charge  waves,  but  also  because  of 
Interaction  between  transverse  oscillations  that  are  due  to  cyclotron 


rotation  of  the  electrons  In  the  magnetic  field  (cyclotron  \ia.ves  [2j). 

For  simplicity  we  consider  hollow  coaxial  beams  (Fig.  1)»  thin 
enoTigh  to  make  the  distribution  of  the  fields  over  the  thickness  of 
the  beam  to  assume  a  negligible  role.  In  this  case  the  electron  layer 
Is  merely  a  surface  on  which  the  normal  component  of  the  electric 
field  experiences  a  discontinuity  equal  to  kiia,  where  o  is  the  siurface 
charge  density.  In  addition^  It  Is  assumed  that  the  phase  velocity 
(v^)  of  the  waves  propagating  in  the  beam  Is  small  coirpared  with  the 
velocity  of  light,  so  that  quantities  of  the  order  of  v^/c  can  be  dis¬ 
regarded. 


2.  FUNDAMENTAL  EQUATIONS 

Let  us  set  up  the  equations  that  characterize  the  motion  of  the 
Internal  beam;  the  formulas  for  the  external  beam  are  similar. 

We  assume  that  the  effect  of  the  Coulomb  forces  is  balanced  by 
the  magnetic  forces,  so  that  the  distance  from  the  electrons  to  the 
axis  remains  In  the  main  unchanged.  We  superimpose  on  the  equillbrlvim 
motion  a  small  perturbation  of  velocity  and  of  the  charge  siu-face  den¬ 
sity,  symmetrical  with  respect  to  the  z  axis  and  propagating  along  the 
z  axis  In  the  form  of  a  wave  e^^“^  ~  y^) ^ 

The  radial  motion  of  the  electrons  causes  the  beam  to  beccxae 
slightly  corrugated.  Denoting  the  inclination  of  the  electron  layer  to 
the  z  axis  by  the  letter  (see  Pig.  1),  we  have 


(1) 


where  denotes  a  small  deviation  of  the  radius  from  the  equilibrium 
value. 


By  virtue  of  the  relations 

“ir = -jr + *'•  -at  “ 


(2) 


where 


Qi=»— toj. 


(3) 


is  the  mean  velocity  of  motion  of  the  electrons  of  the  Internal 
beam  along  the  z  axis  and  Is  the  velocity  of  the  radial  motion  of 

the  electron,  Eq.  (1)  can  be  rewritten  In  the  form 

=  (4) 


The  radial  and  axial  components  of  the  electric  field  experience  on. 
the  electron  layer  discontinuities* equal  to  47ro^  cos  and  4710^^  sin 
respectively.  Therefore,  denoting  by  Eg  and  E^  the  variable  components 
of  the  electric  field  in  the  regions  ^  and  3  (see  Fig.  1),  and  putting 
o  =  we  can  write  In  the  linear  approximation 

—  (5) 

=  (6) 

Ihe  field  acting  on  the  electrons  of  the  layer  (l)  will  be  as- 
sirned  equal  to  the  arithmetic  meaui  of  the  fields  on  both  surfaces  of 
the  layer: 


As  la  well  known  (3],  the  motion  of  a  particle  In 
system  can  be  treated  as  motion  In  the  plane  (r, 

* - S? — + 


■etf. 


(7) 

an  axially  symnetrical 
z)  with  potential 

(8) 
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where  Pg  =  mr^S  +  erAg/c  Is  the  generalised  monentm,  which  is  a  con-  t'*- 

stant  of  the  particle  motion  In  the  axially  symmetrical  system,  Ag  Is 
the  azimuthal  component  of  the  vector  potential,  which  in  this  case  Is 
equal  to  rll/2,  and  Is  the  potential  of  the  electric  field.  The  motion 
of  the  particle  In  the  (r,  z)  plane  Is  represented  by  the  equations 


*  p  * 

(9) 

(10) 

where  <0^  =  eH/mc  Is  the  cyclotron  frequency  In  the 

field  H.  Putting 

r  =  and  using  Relations  (2),  we  obtain  for  the  oscillatory 

velocity  components  the  following  equations 

dz  I*®*** 

(11) 

t  ^1...  •  **5f  *  e 

(12) 

We  furthermore  obtain  from  the  equation  for  the  conservation  of  the 

number  of  particles  In  the  beam 

^  (2.VO)  +  ^  (2.VOTJ  =  0, 

(13) 

and  In  the  llneair  approximation  we  get 

(14) 

Analogous  equations  can  be  set  up  for  the  external 

beam: 

(15) 

^ 

(16) 

(17) 

_  f  P 

dt  dz 

(18) 

^7/—  1  _  ^7,—  «  *  P 

dt  *  dz  Si, 

(19) 

dt  dz  +*>  dz  +  r, 

(20) 
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3.  DISPERSION  RELATION  • 


Ellralnatlng  the  variable  components  of  the  velocities  and  of  the 


charged  surface 

densities,  we  obtain  equations  for 

the  fields 

electron  layers 

(21) 

£„(r,)  -  £„  W  =  iQnVi 

==  - 

(22) 

(23) 

(24) 

We  use  here  the 

notation 

**? 

(25) 

s(aj-;ir' 

®”“W‘ 

(26) 

(27) 

0 

<?«-  2S«  • 

(28) 

^  mti  * 

(29) 

«  Ineaf 

S3  — . 

•  ntTf 

(30) 

The  electric  fields  in  regions  s,  and  2  must  satisfy  the  Laplace 
equation.  It  is  obvious  that  In  the  case  of  slow  waves  (y  >  c^/c)  the 
dependence  of  the  potential  9^  on  the  radius  will  be  represented  by 
linear  combinations  of  modified  Bessel  functions; 


(31) 

=  C/, (■»/■)  DKt{'ii\ 

(32) 

(33) 

From  the  requirement  that  the  fields  be  bounded  on  the  system  axis  and 
at  a  considerable  distance  from  the  axis,  we  find  that  the  ccefflclents 


B  and  E  must  vanish.  The  remaining  foxir  coefficients  are  determined 
from  the  foxir  equations  (21-24),  xifhlch  represent  the  boundary  condi¬ 
tions  on  the  electron  layers.  The  problem  reduces  to  a  system  of  homo¬ 
geneous  equations  for  A,  C,  D,  and  P. 

Equating  the  system  determinant  to  zero,  we  obtain  the  dispersion 
relation  for  the  oscillations  under  consideration: 

4 _  — ^ 

-^  +  <?•!  (rO  ^”.(7^01 + 

_  4-  /il(7^)  <?n  —  7<’i<?ii^ (7'’.)  _ 

+  27',Qm^i  (7'’i)  a  (7'i)  +  ^QMVi)  U  (7^,)  -  QnQn  “ 

_  -  ^  +  Qw  lA  (7'i)  Ki  (7A)  -  A  trt)  Af#(7/iM  + 

“  ^i(7^2)Ao(7rJQu  +  “^ 

,  (tr,)K, hr,) - 0,,0^ 


4.  CASE  OP  SMALL  WAVELENGTH  Cv 

In  the  general  case  the  motion  Is  quite  complicated.  However,  xin- 
der  certain  conditions  It  can  be  resolved  Into  longitudinal  and  trams- 
verse  oscillations  In  the  first  and  second  beams,  after  which  the  mo¬ 
tion  pattern  becomes  immediately  clear. 

We  can  consider  the  "partial"  oscillations  separately,  and  then 
take  Into  account  the  connection  betxtfeen  them  and  investigate  the  os¬ 
cillations  of  the  coupled  systems.  We  shall  be  interested  here  in  the 
appearance  of  growing  solutions. 

A  weak  coupling  between  oscillations  of  different  types  can  be 
ensured  by  the  following  conditions: 

7n:>l.  (35) 

7r,»l.  (36) 

They  are  equl’/alent  to  requiring  that  the  wavelengths  in  the  beams  be 
small  compared  with  the  differences  in  the  radii  of  the  first  and  sec- 


G 


ond  beam.  Using  the  asymptotic  expressions  for  Bessel  functions  of 
large  argranents,  we  now  write  down  the  dispersion  equation  (3^)  In  the 
form 

[d (I -Q«) -|)i][(I -toQu)  (I -Q»)  - 

=  o(Qm— T'iQiiXQn  — FjQii).  .  i3B) 

where 

a  =  (39) 

In  the  limiting  case  of  weak  coupling,  a  vanishes  and  Eq.  (38)  breaks 

up  into  two  Independent  dispersion  relations  for  the  waves  in  the 
first  and  second  beams.  Let  us  consider  one  of  these  equations 

(^0) 

If  Its  right  half  la  small  (-yr^  »  l),  it  also  breaks  up  into  two  In¬ 
dependent  equations 

|-Q„=0  (41)  • 

and 

*-Y'^iQ»=0  (42) 

or 

(43) 


Equation  (43)  pertains  to  space  charge  oscillations,  while  (44)  per¬ 
tains  to  cyclotron  waves  connected  with  the  cyclotron  rotation  of  the 
electrons.  Prom  these  equations  It  follows  that 


T  “  1  I  1/'“***'’*  ! 

V,  ^  2vl  +  4v* 

(45) 

t;}  ‘  4vJ 

(46) 

r 
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We  see  that  the  propagation  constants  are  always  real,  therefore,  as 
expected,  the  beams  are  stable  against  these  oscillations. 

An  account  of  the  coupling  between  the  space  charge  waves  and 
the  cyclotron  waves  In  one  and  the  same  beam  likewise  fails  to  lead  to 
growing  solutions. 

Going  over  to  the  coupling  between  oscillations  In  different 
beams,  let  us  retain  in  Eq.  (38)  the  term  with  a,  and  let  us  leave  out 
In  the  square  brackets  the  small  terms  that  characterize  the  coupling 
between  oscillations  In  one  and  the  same  beam.  As  a  result,  the  dis¬ 
persion  relation  assumes  the  simple  form 


a«?»i  — T*'»Q»)  (Qa—ViQa)  . 

In  the  case  of  small  coupling,  a  «  1  and  the  last  equation  is  satis¬ 
fied  only  when  the  denominator  of  the  left  half  approaches  zero. 

The  vanishing  of  any  of  the  brackets,  as  we  have  seen,  does  not 
lead  to  growing  solutions.  Let  us  assume  that  two  brackets  pertaining 
to  different  beams  approach  zero  simultaneously.  This  can  correspond 
either  to  the  well-known  coupling  between  space  charge  waves  in  two 
beams,  or  the  coupling  of  the  cyclotron  oscillations  with  each  other, 
or  finally  to  the  coupling  of  space  charge  waves  in  one  beam  with  cy¬ 
clotron  oscillations  in  the  other  beam.  An  analysis  of  all  the  fore¬ 
going  cases  can  be  carried  out  following  a  single  plan. 

We  consider  the  last  case. 

We  assume  that  the  following  equations  are  approximately  satis¬ 
fied 

i-(?2.=o.  (^8) 

<— T''2Qi*  =  0,  (2}g) 

and  that  their  roots  are 
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> 


wiiiiiAiiaMHHUiB 


to, v] 


The  first  Index  assigns  y  to  the  Internal  or  to  the  external  beam, 
while  the  Indices  1  and  J  assume  values  1  and  3  or  2  and  4,  depending 

on  whether  the  radical  Is  taken  with  the  plus  or  with  the  minus  sign. 

•• 

Dispersion  Equation  (47)  becomes  particularly  simple  If  (48)  and 
(49)  are  satisfied:  ^  . 

Its  roots  should  differ  little  from  the  roots  of  Eqs.  (48)  and  (49), 


and  we  can  put 


T=Ym(*  +•»•«)  =Yv(* 


where  Xj^  and  Xg  are  the  coefficients  In  the  expansion  of  y  In  powers 
of  the  small  parameter  a. 

Substituting  (53)  In  (52)  and  eliminating  Xg,  we  obtain  the  fol¬ 
lowing  expression  for  Xj^: 

«?+JC,[(l-^)  +  2aM]+M  =  0.  (54) 


where 


An  ImaginaLTy  component  appeeu^s  in  the  expression  for  Xj^,  and  conse¬ 


quently  in  the  expression  for  y.  If 


(-S)’ 


<  4aM  — . 
Tu 


This  Inequality  can  be  fulfilled  only  when  M  Is  positive,  something 
that  can  be  assured  by  choosing  Identical  signs,  either  plus  or  minus. 
In  Expressions  (50)  and  (51) »  i.e.,  by  choosing  the  Indices  (1=1, 

J  =  3)  or  (1  =  2,  J  =  4)  for  the  coupled  oscillations. 

Thus,  If  the  equalities  =  Yg^  or  y^^g  =  yg^^  are  approximately 
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satisfied.  Instability  sets  In;  the  boundaries  of  the  Instability  re¬ 
gions  are  determined  by  the  equations 


Ja=(,/i+aM±l^)*  (58) 

7u  ... 

Let  us  consider  in  greater  detail  the  particular  case,  when  the  elec¬ 
trons  of  one  of  the  beams  are  on  the  average  at  rest  (v^  =>  0).  These 
may  be  electrons  of  an  annular  plasma  layer,  so  that  we  are  dealing  ' 
essentially  with  excitation  of  plasma  oscillations  by  a  beam.  Along 
with  the  well-investigated  mechanism  of  excitation  of  space  charge  den¬ 
sity  waves  [4],  another  mechanism  may  also  be  In  operation,  connected 
with  the  transverse  motion  of  the  plasma  layer  electrons.  Small  oscil¬ 
lations  of  beam  density  give  rise  to  In-phase  cyclotron  rotation  of 
the  plasma  electrons,  which  in  turn  Intensifies  the  space  charge  os¬ 
cillations  of  the  beam. 

The  equation  of  the  cyclotron  oscillations  will  In  this  case  be 


Ul* - 


2  ° 


0 


(59) 


and  consequently 


T  =  Tj.«  = 


(60) 


The  Instability,  as  In  the  general  case,  occurs  upon  appearance  of  Im- 
aginau'y  roots  of  Eq.  (54),  In  which  the  quantity  M  Is  now  equal  to 

-I'. 


M 


(61) 


The  condition  M  >  0  determines  the  choice  of  1  =  2,  l.e.,  the  choice 
of  a  minus  sign  in  front  of  the  radical  in  (50). 

The  boundaries  of  the  instability  region  are  given  by  Relation 
(58).  The  equation 
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determines  the  frequency  near  which  the  oscillations  will  be  taken 
Into  account;  in  the  case  of  low  charge  densities.  It  Is  close  to  the 
cyclotron  frequency  oJjj. 

5.  CASE  OP  LARGE  WAVELENGTH  AND  LOW  DENSm 

We  analyze  In  similar  fashion  the  case  when  the  wavelengths  In 
the  plasma  are  large  compared  with  the  radii  of  the  beams: 

(63) 

Ihe  dispersion  equation  has  In "this  case  the  form 


\  ir^i  fij 

vf  »  .  \ 


w 

\  QJ 

2(Q?-»i)/\ 

Where 


In  order  to  consider  the  oscillations  that  sure  possible  In  one  beam, 
we  put  tOg  =  0,  and  then  (64)  reduces  to 

Assuming  the  frequency  to  be  small,  we  can  discard  the  last  terra  in 

(65): 

Because  of  the  smallness  of  u^,  the  roots  of  Eq.  (66)  will  be  close  to 
the  roots  of  the  equations 

Oi  =  0  (67) 

and 

C| — e»i=aO.  (68) 
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(69) 


If  (67)  is  approximately  satisfied,  we  obtain  from  (66) 


and 


Vt 


Ti.*  = 


on  the  other  hand.  If  (68)  Is  approximately  satisfied,  we  get 

(71) 


-.44 


and 

(72) 

We  have  obtained  dispersion  relations  for  the  space  charge  waves 
and  for  the  cyclotron  waves  in  a  single  beam.  Let  us  now  take  into  ac¬ 
count  the  coupling  between  them.  In  the  dispersion  relation  (64)  the 

coupling  between  the  waves  of  the  first  beam  is  represented  by  a  term 

4  4 

with  that  in  the  second  beam  by  a  term  with  Wg,  and  the  coupling 

between  oscillations  in  the  first  and  the  second  beam  is  represented 
by  the  ri^t  half  of  (64),  which  is  proportional  to  (i>^a>|.  At  low  charge 
densities,  the  coupling  terms  are  significant  only  if  two  quantities 
of  the  form  or  (n^  —  o^)  vanish  simultaneously.  In  other  words,  the 

coupling  comes  into  play  only  when  the  propagation  constants  of  the 
two  waves  approximately  coincide  (this  follows  also  from  the  general 
theory  of  interacting  waves,  developed  by  J.R.  Pierce  [5]  in  1954). 

Ihe  coupling  between  oscillations  in  one  and  the  same  beam  cannot  be 
appreciable,  since  Eqs.  (68)  and  (69)  cannot  be  satisfied  simultane¬ 
ously.  The  coupling  between  the  space  charge  waves  in  two  beams  has 
been  well  investigated  (traveling  wave  tubes  with  interacting  electron 
beams).  We  shall  consider  the  interaction  between  the  space  charge 
wave  in  the  first  (internal  beam)  and  the  cyclotron  v/ave  in  the  second 
beam.  It  is  realized  if  one  of  the  eqjatlcns 
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CHEREMKOV  GENERATION  OF  HYDROMAGNETIC  AND  MAGNETIC  SOUND  WAVES 

•  IN  LOW-DENSITY  ANISOTROPIC  PLASMA 

N.L.  Tslntsadze,  A.D.  Pataraya 
Tbilisi 

•  ' 

We  consider  the  excitation  of  hydromagnetlc  and  magnetic  sound 
waves  In  a  low-density  anisotropic  plasma,  resulting  from  the  motion 
of  current  loops  at  high  velocities. 

If  the  low-density  plasma  Is  In  a  strong  magnetic  field  and  the 
mean  free  path  of  the  particles  Is  considerably  larger  than  the  char¬ 
acteristic  dimensions,  then  the  pressure  In  It  will  generally  speaking 
be  anisotropic  [l-3l» 

The  propagation  of  hydromagnetlc  and  magnetic  sound  waves  In  a 
plasma  with  anisotropic  pressvire  was  investigated  in  the  linear  approx¬ 
imation  In  References  [2,’3]« 

The  present  work  Is  devoted  to  an  einalysis  of  Cherenkov  generation 
of  hydromagnetlc  and  magnetic  sound  waves  in  an  anisotropic  plasma. 

Expressions  are  obtained  for  the  power  of  Cherenkov  radiation 
from  moving  sources.  The  wave  sources  are  assumed  to  be  current  loops 
and  a  charged  filament,  moving  at  high  velocities. 

In  the  present  work  we  use  the  equations  of  Chew,  Goldberger,  and 
Low  [1].  These  equations,  however,  which  are  analogous  to  the  magneto- 
hydrodynamic  system  of  equations,  are  valid  only  for  a  plasma  moving 
transverse  to  the  magnetic  field. 

We  have  used  these  equations  in  the  analysis  of  the  excitation  of 
waves  In  an  anisotropic  plasma  with  the  aid  of  a  charge  filament  and 
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cxirrent  carrying  loops,  moving  both  transversely  to  and  along  the  mag¬ 
netic  field.  The  authors  do  not  claim  that  the  results  are  rigorous  In 
the  case  when  the  motion  of  the  loops  In  the  plasma  coincides  with  the 
direction  of  the  magnetic  field,  although  they  would  be  exact  were  the 
plasma  to  be  replaced  by  a  conducting  liquid. 

Of  particular  Interest  Is  the  case  when  the  motion  of  a  charged 
filament  transversely  to  the  magnetic  field  through  an  anisotropic 
plasma  Is  considered.  The  main  difference  from  the  case  of  an  Isotropic 
plasma  Is  the  existence  In  the  anisotropic  plasma  of  strong  excitations 
of  hydromcLgnetlc  waves.  This  effect  la  brought  about  by  the  occurrence 
of  anisotropic  Alfven  waves  In  the  region  under  consideration. 

An  analogous  problem  for  an  Isotropic  plasma,  in  the  case  when 
the  current  loop  moves  along  an  external  magnetic  field,  was  considered 
by  A. I.  Morozov  [4].  Those  results  which  we  have  obtained  for  the  mo¬ 
tion  of  loops  along  the  magnetic  field  agree  qualitatively  with  the  re¬ 
sults  of  A. I.  Morozov.' 

We  consider  a  plasma  situated  In  a  strong  homogeneous  magnetic 
field  Hq  directed  along  the  ^  axis.  In  the  presence  of  external  ciir- 
rents  Jq,  the  motion  of  the  plasma  is  determined  by  the  following  mag- 
netohydrodynamic  equations  [1,  2]: 


^  =  rot  [;•//].  rot//=^(/+/o). 


^+div  (py)  =0. 


dxt 


.  Pi»  =PJ.»  +  *  A  ip  1  -  Pj)> 


(1) 


where  p^  are  the  transverse  and  longitudinal  pressures,  respec¬ 
tively,  if  Is  the  magnetic  field,  T  and  p  are  the  velocity  suid  density 
of  the  plasma,  and  7  Is  the  density  of  the  current  flowing  in  the  medium. 
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It  Is  assumed  here  that  v^/c  «  1,  v/here  Vq  =  H^y/^^TTp,  and  c  Is 
the  velocity  of  light. 

The  system  of  equations  (1)  can  be  linearized  If  Jq  Is  small. 
Solving  the  linearized  system  of  equations  without  an  external  currenti 
and  assuming  that  the  dependence  of  the  alternating  components  on  the 
coordinates  and  on  the  time  has  the  form  const  ^ “  “^^dlcciw,  we 
obtain  the  dispersion  equation  for  the  waves  In  a  low-density  aniso¬ 
tropic  plasma  In  the  presence  of  a-  strong  field: 

^  { Vj + S*,  (1  +  2cos*  »)  +  sin*  ^  + 

+  cos*»{3^,lVi+sin»»^+S*i  cos»»l  -Slsln*»),  j2) 

^  +  l<y  +  1<|.  v|  =  Vs|  +  -  S|  Is  the  Alfven  velocity,  and 

-Voi/Po-  S||  ~V  transverse  and  longitudinal  vel¬ 

ocities  of  sound,  respectively,  p^j^,  p^^  afe  the  equilibrium  trans¬ 
verse  and  longitudinal  pressures,  Is  the  equilibrium  plasma  density, 
and  d  la  the  angle  between  the  direction  of  propagation  of  the  wave 
and  the  magnetic  field. 

This  equation  has  three  different  solutions,  corresponding  to 
three  different  types  of  waves  capable  of  propagating  in  a  low-density 
anisotropic  plasma.  Uie  first  factor  corresponds  to  "hydromagnetlc” 
waves,  and  the  second  to  magnetic  sound  waves.  The  phase  velocities  of 
the  "hydromagnetlc"  and  magnetic  sound  viaves  are,  respectively, 

V,.  ♦.5.,  =  ±  •/»  <Vl  +  Si  sin*  a-  +  s\  [1+2  cos*  ± 

±  +  5l  sin*  3-  +  S*,[l  +  2  cos*  »]?— 

-  4  cos*  >  {3S;  [  Vj  +  {S]  +  Sl)  sin*  -  Sl  sin*  »)>' '*>'^  (  ^  ) 

Prom  (2)  and  (3)  follow  the  conditions  for  the  stability  of  the 
einlsotropic  plasma: 

vi>o.  (5) 
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^'^3(Si+Si  fVi)’ 

which  should  he  satisfied  slmiltaneously  [2,  3]» 

Mb  now  proceed  to  consider  the  generation  of  hydromagnetic  waves. 
We  consider  the  generation  of  hydromagnetic  waves  with  an  Infin¬ 
itesimally  thin  charged  filament  movlng*ln  an  unbounded  anisotropic 
plasma  perpendicular  to  the  magnetic  field.  Assume  that  the  charged 
infinite  filament  moves  with  a  velocity  u  along  the  jr  axis,  and  then 
the  CTirrent  density  is  equal  to 

/^=^M8(y)8(z  — bO* 

The  power  of  the  Cherenkov  radiation  from  the  filament  can  be  de¬ 


termined  by  the  formula 


P  = —  fluff,  —  ^ 


where  we  made  use  of  the  relation 


•*  1 


Linearizing  the  system  of  equations  (l)  we  obtain  v  .  Substituting 


v^  in  (7),  we  get 


^^>0, 

vl<0. 


The  system  of  equations  (1)  is  obtained  under  the  assumption 
6)  «  eH/mc,  so  that  Is  bovinded  from  above. 

It  is  important  to  rote  that  has  a  different  meaning  for  an 
isotropic  plasma,  Vq  =  IT'Attpq,  and  an  anisotropic  plasma,  =  sf  + 

+  _  g2^  Consequently,  only  in  the  anisotropic  case  as  -*  0  does  a 

strong  excitation  of  hydromagnetic  waves  occur. 

In  addition,  excltarlons  of  magnetic  sound  waves  v/ere  considered 
in  [5].  Three  cases  were  investigated: 
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1)  excitation  of  a  magnetic  sound  v/ave  with  the  aid  of  a  charged 
current-carrying  filament  moving  along  a  constant  magnetic  field  with 
velocity  uj  . 

2)  in  view  of  the  fact  that  the  plasma  occupies  the  half  space, 

the  magnetic  sound  wave  is  excited  by  a  straight  loop  moving  along  the 
surface  of  the  plasma;  • 

3)  the  generation  of  magnetic  sound  waves  in  a  cylindrical  plasma 
pinch  is  considered  for ’the  case  of  a  moving  annular  current  coaxial 
with  the  plasma  cylinder. 
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EFFECT  OF  FLUCTUATIMG  MICROPIELDS  ON  MULTIPLE  COLLISIONS 
IN  A  GAS  OF  CHARGED  (OR  GRAVITATD3G)  PARTICLES 

V.I.  Kogan 
Moscow 

The  questions  considered  of  the  Influence  of  fluctuating  micro-* 
fields  on  imltlple  collisions  In  a  gas  of  charged  (or  gravitating) 
particles,  aimed  at  clarifying  the  following:  a)  the  relation  between 
the. multiple  and  pair  collisions;  b)  the  structure  of  the  "Coulomb 
logarithm."  Using  some  typical  problems  In  the  theory  of  multiple  col¬ 
lisions  as  examples.  It  Is  shown  that  the  Joint  action  of  many  field 
particles  on  the  trial  particle  does  not  change  the  fundamental  •  "blnairy" 
character  of  the  collisions;  however,  the  role  of  the  maximum  cutoff 
length  In  the  Coulomb  logau^lthm  can  be  played  (depending  on  the  char¬ 
acter  of  the  problem)  not  only  by  the  dimension  of  the  system  and  the 
Debye  screening  radius,  but  also  by  the  longitudinal  range  of  the 
trial  particle.  In  other  words,  multiple  Coulomb  (or  Newton)  scatter¬ 
ing  does  not  alvrays  have  a  strictly  diffuse  character.  This  nondiffu¬ 
sion,  brought  about  by  fair  order  correlations,  is  essential  for  systems 
of  the  space  charge  or  stellar  cluster  type.  For  a  quasineutral  plasma. 
It  leads  only  to  a  certain  correction  (~1C^)  to  the  transport  coeffi¬ 
cients. 
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KTIETIC  ANALYSIS  OF  THE  STRUCTURE  OP  THE 
BOUi'lDARY  OF  A  PLASMA  III  A  MAGNETIC  FIELD 


A. I.  Morozov,  L.S.  Solov'yev 
Moscow 

Neglecting  collisions,  different  versions  of  the  transition  layer 
between  a  plasma  and  a  magnetic  field  are  calculated. 

Three  basic  cases  are  considered  in  the  paper: 

a)  plasma  Interface  with  and  without  field; 

b)  Interface  in  the  presence  of  a  field  in  all  of  space; 

c)  structure  of  plasma  layers  whose  width  is  of  the  order  of  the 
Larmor  radius. 

The  results  obtained  in  the  first  part  are  generalizations  of  the 
well-known  Chapman-Ferraro  theory. 


STRUCTURE  OF  TRANSITION  LAYER  BETWEEN 
A  PLASMA  AND  A  MAGNETIC  FIELD 

V.P.  Shabanskly 
Moscow 

The  magnetohydrodynamlc  equations  do  not  make  it  possible  to  de¬ 
termine  the  structure  of  the  transition  layer  betvreen  regions  occupied 
by  a  plasma  on  the  one  hand  and  by  a  magnetic  field  on  the  other.  Yet 
a  knowledge  of  the  structure  of  this  layer  is  Important  for  problems 
in  which  one  considers  questions  of  the  confinement  of  a  plasma  by  a 
magnetic  field  and  questions  of  stability. 

The  character  of  motion  of  the  electrons  and  ions  and  the  depth 
of  penetration  of  the  magnetic  field  in  the  plasma  are  similar  in  such 
a  problem  to  the  behavior  of  the  electrons  and  ions  in  the  surface 
layer  of  a  plasmold  reflected  from  a  magnetic  wall. 


Consequently,  from  the  mathematical  point  of  view,  the  problems 
are  equivalent  to  a  certain  degree  of  approximation. 

The  paper  considers  first  the  character  of  motion  of  electrons 
and  Ions  In  the  case  of  reflection  by  a  magnetic  wall  of  a  neutral 
plasmold  of  sufficiently  low  density  to  be  able  to  neglect  the  Influ¬ 
ence  of  the  magnetic  field  of  the  sxirface  currents  themselves,  and  In¬ 
cident  with  sufficiently  low  velocity  to  be  able  to  neglect  the  polar¬ 
ization  effect. 

A  similar  problem  Is  then  solved  more  rigorously.  The  motion  of. 
the  electrons  and  the  ions  Is  described  by  means  of  the  equations  of 
mecheinlcs  for  individual  particles  In  self-consistent  fields.  In  this 
approach  we  neglect  the  dispersion  In  the  absolute  magnitudes  of  the 
velocities  and  In  the  directions  of  the  plasma  particles.  This  formula¬ 
tion  yields  a  better  approximation  for  the  problem  involving  an  incom¬ 
ing  plasmold,  than  for  the  problem  Involving  the  confinement  of  a  hot 
plasma,  but  even  In  the  second  problem  the  qualitative  results  should 
not  differ  greatly  from  the  results  expected  In  the  rigorous  approach 
with  the  aid  of  the  kinetic  equation.  It  is  shown  that  when  the  incom¬ 
ing  beam  has  sufficiently  low  velocity,  so  that  the  energy  of  the  In- 
cident  protons  Is  less  than  me  (v/here  m  is  the  electron  mass),  the 
entire  longitudinal  energy  of  the  protons  goes  over  Into  trauis verse 
electron  energy  at  the  Instant  of  reflection.  At  greater  velocities, 
the  polarization  effect  becomes  appreciable  and  changes  the  conditions 
of  the  redistribution  of  the  energy  between  the  electrons  and  the  ions 
In  a  way  as  to  decrease  the  energy  transfer  from  the  Ions  to  the  elec¬ 
trons.  The  thickness  of  the  layer  and  the  character  of  the  variation 
of  the  magnetic  field  and  of  the  electron  and  Ion  velocities  In  the 
layer  are  determined,  and  an  expression  Is  obtained  for  the  surface 
current.  The  layer  In  a  collision-free  plasma  turns  out  to  be  so  thin 


that  the  orbital  theory  does  not  apply  to  It. 


EFFECT  OF  EXTERNAL  MAGNETIC  FIELD 
ON  THE  BOUNDARY  LAYER  IN  A  PLASMA 

E.I.  Andriankln,  Yu.S.  Sayasov 
Moscow 

The  Influence  of  an  external  magnetic  field  on  an  Incompressible 
laminar  boxxndary  layer  An  a  plasma  with  finite  temperature -dependent 
conductivity  was  investigated. 

It  is  shoim  that  under  certain  simplifying  assumptions,  depending 
on  the  temperature  difference  AT  betireen  the  incoming  gas  and  the  sur¬ 
face  walls,  two  streaming  modes  are  possible: 

1)  at  sufficiently  small  AT,  the  friction  tj  on  the  surface  in¬ 
creases  monotonlcally  with  Increasing  H,  following  approximately  the 
linear  law  tj  -  H  as  H  -►  <»  (h  is  the  component  of  the  magnetic  field 
perpendlcxilar  to  the  velocity  of  the  incoming  stream); 

2)  if  AT  is  sufficiently  large,  then  the  friction  decreases  with 
increasing  H  and  detachment  of  the  boundary  layer  occurs  at  a  certain 
critical  value  of  H. 

Results  of  niomerical  calculations  of  the  dependence  tj  =  tj(h)  are 
presented  for  a  wide  range  of  variation  of  H  for  tv;o  examples,  pertain¬ 
ing  to  cases  1  and  2,  respectively. 
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MOTION  OF  VISCOUS  PLAST-U  IN  A  MACIJETIC  FIELD 
FOR  ARBITRARY  ut. 


^  »■ 


->■ 

A. I.  -Gubanov,  Yu. P.  Lun'kln 
Leningrad 

1.  An  exact  comparison  is  made  of  the  equations  of  the  one-liquid 

and  t;/p-liquid  approximation  in  the  theory  of  viscous  plasma.  It  is 

•  • 

shown  that  the  usually  employed  equations  p  =  Ip^;  =  ^^sUc* 
where  Pg  and  are  the  partial  pressure  and  the  viscous  stress  ten¬ 

sor  of  the  individual  mlxtxire  components,  hold  true  only  with  accuracy 
to  the  first  degree  of  the  current. 

2.  E:q>ressions  are  obtained  for  the  viscous  stress  tensor  and  for 
the  heat  flirx  of  a  completely  ionized  plasma  in  the  one -liquid  approx¬ 
imation  for  arbitrary  wt,  both  in  a  special  system  of  coordinates  (mag¬ 
netic  field  along  the  z  axis)  and  in  an  arbitrary  Cartesian  coordinate 
system. 

3.  The  equations  of  motion  and  heat  fltix  are  derived  for  the 
plasma  emd  are  expressed  in  terms  of  the  components  of  the  current  vel¬ 
ocity  aind  the  temperature  gradient.  The  equations  are  ^orltten  out  in 
both  the  special  and  in  the  arbitrary  coordinate  systems.  Unlike  or¬ 
dinary  hydrodynamics,  which  holds  true  when  ut  «  1,  the  Hall  effect 

is  taken  into  account  here,  as  is  the  dependence  of  the  viscosity  and 
heat  conduction  on  the  magnetic  field. 

4.  The  equations  obtained  are  solved  in  the  simplest  case  of 
Couette  flow  of  an  incompressible  liquid,  v/hlch  is  also  of  practical 
Interest,  Inasmuch  as  it  approximately  describes  the  laminar  boimdary 
layer. 

Different  directions  of  the  external  magnetic  field  are  considered. 

In  the  first  approximation  the  induced  magnetic  field  is  neglected. 

5.  In  the  case  of  an  external  magnetic  field  perpendicular  to  the 
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plates,  the  velocity  profile,  the  current  components,  aind  the  Induced 
magnetic  field  components  are  calculated.  A  specific  effect  of  arbit¬ 
rary  OJT  Is  the  motion  of  the  plasma  In  a  direction  perpendicular  to 

the  velocity  u  of  the  moving  plate,  l.e.,  v  0,  and  also  the  occur- 
X  y 

rence  of  a  space  charge,  the  current  J^,  and  the  Induced  magnetic 
field  Hy. 

6.  The  case  of  a  magnetic  field  oriented  In  the  plane  of  the 
plates,  the  velocity  profile  Is  linear,  as  in  the  absence  of  a  magnetic 
field,  but  a  decrease  In  viscous  friction  occurs  with  increasing  mag¬ 
netic  field. 

7.  The  case  of  arbitrary  direction  of  the  external  magnetic  field 
Is  also  considered. 


MAGNETIC  "WRINGING"  OP  EREE-MOISCULE  PLASMA  CURRENT 

V.N.  Zhigulev 
Moscow 

The  problem  Is  considered  of  the  Interaction  between  a  magnetic 
field  and  a  free-raolecule  plasma  current  incident  on  It;  this  problem 
leads  to  a  study  of  the  behavior  of  the  plasma  and  of  the  magnetic 
field  in  the  "return"  layer.  The  problem  of  Interaction  Is  formulated 
for  the  case  when  the  thickness  of  the  "return"  layer  Is  small  com¬ 
pared  with  the  characteristic  dimension  of  the  interaction.  By  vray  of 
an  example,  the  problem  of  the  flow  of  the  corpuscxilar  streams  of  the 
sun  around  the  earth's  magnetic  dipole  is  considered  with  the  corpus¬ 
cular  stream  regarded  as  free-molecular. 


STABILITY  OF  PLAIJB  FOISEUILLE  FLCW  OF  A  PLASMA  WITH 
FIIIITE  COIJDUCTr/iry  IW  a  HAGIJETIC  FELD 

Yu. A.  Tarasov 
Moscow 

We  consider  the  stability  of  plasma  flow  In  longitudinal  and 
transverse  magnetic  fields  against  Infinitesimally  small  perturbations, 
for  magnetic  Reynolds  numbers  R^j^  ~  1.  This  case  Includes  the  region  of 
large  velocities  and  of  temperatures  on  the  order  of  5000-10, 000°K. 

A  differential  equation  of  sixth  order  for  the  z-ccmponent  of  the 
perturbations  of  the  magnetic  field  Is.  solved  for  the  longitudinal  mag¬ 
netic  field.  Pour  nonvlscous  and  two  viscous  solutions  are  obtained. 

The  three  symmetrical  solutions  obtained  In  this  manner  are  substituted 
In  the  boundary  conditions.  A  series  of  neutral  curves  is  obtained  for 
several  values  of  R^^^.  In  order  to  fix  the  values  of  the  Alfven  number 
A,  the  CTirves  are  closed  on  the  side  of  the  large  Reynolds  numbers  R, 
and  for  a  certain  value  Aj^  they  contract  to  a  point,  l.e.,  there  are 
no  instabilities  upon  further  increase  In  the  Alfven  number.  The  de¬ 
pendence  of  Aj^  on  Rjj^  is  plotted  and  the  curve  shows  that  as  R^^^  changes 
from  about  3-^  to  Infinity,  the  value  of  Aj^  changes  little  (from  0.17 
to  0.1). 

For  flow  In  a  transverse  magnetic  field.  It  is  shown  that  the  re¬ 
sults  obtained  by  Lock  for  values  R^  «  1  can  be  extrapolated  to  the 
region  of  values  R^^j  ~  1. 

Tne  paper  was  published  in  ZhETF,  37,  6(12),  1708,  1959. 
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Iir;ZSTIGATIOII  OP  TIE  STABILITY  OF  A  PLASMA  WITH 
THS  AID  OP  THE  OSIER ALIZED  EIERGY  PRLMCIPLE 

V.F.  Aleksin,  V. I. -Yashin 
.  Khar'kov 

Using  the  generalized  energy  principle,  account  Is  taken  of  the 
fact  that  the  plasma  has  a  neutral  charge  iinder  the  assumption  that 
the  magnetic  field  Is  constant  along  the  force  line. 

Stability  criteria  are  obtained  for  a  plasma  with  an  anisotropic 
distribution  of  particle  velocities,  the  plasma  being  situated  In  a 
magnetic  field  with  cylindrical  symmetry.  Cases  of  longitudinal  and 
azimuthal  magnetic  fields  are  considered. 

The  work  was  published  In  ZhETP,  39,  822,  i960. 


SCME  PROBLEMS  IN  THE  MAGNETOHYDRODYNAMIC  STABILITy 
CP  A  THIN  ANNULAR  PINCH 

YU.V.  Vandakurov 
Leningrad 

The  stability  Is  considered  of  a  thin  annular  pinch  without  active 
resistance,  against  long-vrave  perturbations  (long  v;ave  comparable  with 
the  length  of  the  torus).  It  is  assumed  that  there  are  no  volume  cur¬ 
rents  in  the  stationary  state  and  that  there  Is  no  ideally  conducting 
Jacket. 

It  Is  shown  that  the  most  difficult  to  stabilize  are  perturbations 
with  wavelength  that  Is  several  times  smaller  than  the  length  of  the 
torus.  The  conditions  for  the  stabilization  of  certain  types  of  per- 
turbatlons  are  mutually  contradictory. 

Part  of  the  paper  was  published  In  ZhTP,  XXX,  6,  711,  I96O;  7, 

781,  i960. 
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IIISTABILnY  OF  ELECTHCMAGIETIC  WAVES 
HI  A  SYSTEM  0?  IIJTEP.PEIIHTRATIIIG  PLASMAS 

A. A.  Rukhadze 
Moscow 

The  Investigation  covered  electromagnetic  oscillations  In  a  sys¬ 
tem  of  Interpenetrating  plasmas.  Both  high-frequency  emd  low-frequency 
(hydrodynamic)  oscillations  are  considered.  Instability  criteria  are 
obtained  for  oscillations  In  the  system,  and  the  corresponding  ea^res- 
slona  are  obtained  for  the  wave  buildup  Increments. 

PROPAGATION  OP  ELECTROMAGNETIC  WAVES  IN 
A  HALF  SPACE  PILLED  WITH  PLASMA 

Yu.N.  Dnestrovskly,  D.  P.  Kostomarov 
Moscow 

Electromagnetic  waves  are  considered  in  a  half  space  filled  with 
a  magnetoactive  plasma,  propagating  transversely  to  the  magnetic  field. 
It  Is  assumed  that  the  plasma  is  contained  by  a  stationary  magnetic 
field  iT,  and  the  structure  of  this  field  Is  Investigated  for  the  case 
when  the  ratio  of  the  pressiore  to  the  magnetic  field  pressure  Is  low. 

It  is  shown  that  the  electromagnetic  wave  with  electric  vector  parallel 
to  the  stationary  magnetic  field  if,  has  at  large  distances  from  the 
plasma  boundary  the  form  of  a  plane  v/ave  with  a  propagation  constant 
determined  by  the  dispersion  relation  for  an  tinbounded  plasma.  The  co¬ 
efficients  of  reflection  and  transmission  are  calculated  for  a  plane 
wave  incident  from  vacuisn  on  the  plasma. 

The  paper  was  published  In  ZhSTF,  39,  3(9)>  845,  i960. 
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SOME  SIIIGULARITIES  OF  TEAIISVEHSE  PROPAGATION  OF  ELECTRCMAGI.’ETIC  WAVES 
IN  A  PLASMA  SITUATED  IN  A  CONSTANT  MAGNETIC  FIELD 

B.  N.  Gershinan 
•  -Gor'lcly 


In  1951  Gross  established  interesting  singularities  in  the  be¬ 
havior  of  plasma  waves  in  a  plasma  situated  in  a  dbnstant  magnetic 
field  and  for  waves  propagating  in  a  direction  transverse  to  the 

field  on  the  basis  of  the  kinetic  theory  he  developed  for  the 
propagation  of  electromagnetic  waves  in  a  plasma.  These  singularities 
consisted  of  the  appearance  of  narrow  frequency  regions  (Gross'  "gaps"), 
in  which  the  propagation  was  Impossible.  These  regions  arise  in  the 
vicinity  of  the  gyroresonant  frequencies,  and  their  width  decreases 
with  increasing  number  of  the  resonance. 

It  la  shown  that  if  a  nonrelatlvistlc  analysis  is  used,  then  the 
"gaps"  arise  not  only  for  plasma  waves,  but  also  for  the  ordinary  and 
extraordinary  waves.  It  la  particularly  simple  to  study  the  structure 
of  forbidden  regions  for  ordinary  waves,  where  the  ’’gaps"  arising 
starting  with  the  first  gyroresonance  (to  —  where  u  is  the  frequency 
of  the  wave  and  oJjj  Is  the  gyrofrequency  of  the  electrons),  and  subse¬ 
quently  occur  at  the  resonances  co  —  2c»:^,  etc. 

It  is  further  shown  that  if  collisions  are  taken  into  account, 
and  also  in  the  case  of  deviations,  sometimes  rather  small,  from  the 
direction  of  propagation  perpendicular  to  If,  the  "gaps"  may  disappear. 
The  latter  is  most  probably  due  to  the  high  gyroresonances. 

However,  the  most  essential  factor  for  a  final  solution  of  the 
problem  of  the  reality  of  the  Gross  "gaps"  is  an  Inclusion  of  the  rela¬ 
tivistic  effects.  An  analysis  carried  out  with  account  of  the  variation 
of  the  relativistic  Doppler  effect  shows  that  for  a  strictly  transverse 
propagation  one  can  speak  of  noticeable  changes  in  the  behavior  of  the 
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vraves,  v/hlch  at  the  sane  tire  have  no  direct  correspondence  with  Gross' 
conclusions,  for  a  plasaa  wave  at  u  —  30;^,  for  the  extraordinary  wave 
at  0)  ~  2u^,  and  for  the  ordinary  wave  at  u  —  Accordingly,  for  each 
of  the  types  of  the  waves  no  noticeable  .singularities  whatever  occur 
for  resonances  whose  order  Is  higher  than  the  one  indicated.  For  plasma 
waves  at  (.)  —  (1^  the  propagation  la  Impossible,  and  the  forbidden  re¬ 
gion  arising  at  co  —  2t^  will  not  have  the  character  of  a  narrow  "gap. " 
For  the  extraordinary  wave  at  <0  —  no  essential  singularities  arise 
In  the  transverse  case. 
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TEJIDENCY  0?  COMPRESSION  WAVES  TO  "TUMBLE”  AND  LOSE  THEIR 
ISElfTROPIC  NATURE  IN  THE  ABSENCE  OP  COLLISIONS  BETWEEN 
THE  PARTICLES  OP  THE  PLASMA  MEDIUM 

V.A.  Belokon' 

Moscow 

It  can  be  shown  that  under  conditions  encoiuitered  both  In  e:iperl- 
mental  setups  and  In  nature  (stellar  atmospheres,  etc.},  the  collisions 
cease  to  Influence  noticeably  the  change  In  the  entropy  of  the  medium, 
so  that  the  hydrodynamic  equations  can  be  written  for  a  colilslon-free 
plasma  In  the  Isentroplc  form  [1].  This  vanishing  of  the  "traditional" 
dissipative  factors  of  the  viscosity  type  leads  to  a  formal  (within 
the  framework  of  the  hydrodynamic  equations,  which  are  maintained  In 
this  case)  paradox,  for  nothing  prevents  the  compression  wave  from 
"tumbling"  or  even  "billowing  over. "  Although  the  absurdity  of  the  lat¬ 
ter  follows  from  obvious  considerations,  l.e.,  any  dissipation  should 
hinder  the  "tumbling"  from  pure  retrospective  considerations.  It  is 
important  to  derive  more  rigorous  arguments  in  favor  of  the  hindrance 
of  the  "tumbling"  of  the  v/aves.  So  far  only  particular  arguments  v/ere 
advcuiced,  for  example,  that  the  width  of  the  v;ave  cannot  be  smaller 
than  the  Debye  length,  etc.  A  simllaLT  theory  was  developed  by  Kantro- 
wltz  and  Petschek,  where  it  Is  shown  that  under  definite  conditions 
the  width  of  the  transition  is  determined  by  the  mean  free  path  of  the 
magnetohydrodynamlc  pertvtrbatlons,  which  Is  much  smaller  than  the  mean 
free  path  of  the  particles  of  the  medium,  by  virtue  of  which  the  en¬ 
tropy  starts  Increasing  when  the  wave  becomes  very  steep  and  the  tumb¬ 
ling  stops.  Yet  the  solution  of  the  problem  should  In  principle  be  more 
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general  and  turns  out  to  be  slnpler.  Independent  of  the  special  condi¬ 
tions,  and  arguments  can  be  advanced  v/hlch  are  valid  also  outside  mag- 
ne tohy  dr  odynaralc 3 . 

•  I.  Inasmuch  as  a  situation  can  be  encountered  In  general,  wherein 
the  equations  of  motion  can  be  recast  In  hydrodynamic  form,  and  the 
natxire  of  the  dissipative  factors  Is  not  clear,  it  is  useful  to  turn 
to  the  most  fundamental  laws,  which  are  more  general  than  any  dissipa¬ 
tion  law  In  terms  of  viscosity,  etc.  Such  a  law  Is  the  Heisenberg  un¬ 
certainty  principle,  which  has  a  direct  bearing  to  entropy. 

The  uncertainty  principle  yields  the  absolutely  possible  minimum 
of  transition  time  of  a  medlxmi  particle  through  the  front  of  the  wave 
(with  the  entropy  of  the  medlxan  zero  everywhere): 

since  the  Information  that  the  medium  element,  being  adlabatlcally  com¬ 
pressed,  has  acquired  a  different  Internal  energy  Is  compatible  only 
with  the  condition  that  the  change  In  energy  AB  Is  much  larger  than 
the  uncertainty  In  the  energy  6E,  and  the  imcertalnty  In  time  6t  asso¬ 
ciated  with  that  uncertainty  is  much  smaller  than  the  time  t  of  the 
transition  process,  or  else  the  transition  time  loses  Its  physical 
meaning.  It  can  be  shown  that  in  case  of  a  finite  Initial  entropy  of 
the  medium,  the  absolute  lower  limit  of  the  transition  time  of  the 
medium  particle  in  a  state  with  a  different  (specified)  energy  In¬ 
creases  exceedingly  rapidly  with  increase  in  the  specified  initial  en¬ 
tropy  of  the  medlaaa. 

Thus,  when  the  front  of  a  compress ion  wave  that  tends  to  topple 
over  becomes  sufficiently  narrow,  then  in  spite  of  the  fact  that  the 
Isentropic  solution  tends  to  form  a  "billowing  over,"  i.e.,  to  become 
multiple  valued,  the  fundamental  uncertainty  principle  goes  Into  opera- 

.-.s 
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tlon,  so  that  further  decrease  In  the  v/ldth  of  the  front,  l.e.,  a  re¬ 
duction  In  the  time  of  transition  from  one  specified  state  to  another, 
would  lead  to  an  uncertainty  In  the  energy  that  the  particle  of  the 
medium  would  acquire  ultimately,  l.e.,  to  a  physically  sensible  mul¬ 
tiple  valuedness.  In  contradiction  to  the  "absurd"  multiple  valuedness 
obtained  by  formal  solution  of  the  Isentroplc  (or  other)  hydrodynamic 
equations.  In  other  words.  Information  concerning  a  sufficiently  rapid 
transition  of  the  medltim  particle  from  one  energy  state  to  another  la 
Incompatible  with  Information  that  this  transition  occurs  .Isentropl- 
cally.  In  splendid  agreement  with  the  theory  of  fast  adiabatic  proc¬ 
esses  at  which  the  entropy  Increases  [2]. 

II.  If  we  make  the  very  general  assumption  that  excitations  that 
In  the  limit  are  photons  can  exist  In  the  plasma  (this  Is  quite  likely 
If  the  plasma  Is  regarded  as  an  aggregate  of  Faraday  force  filaments 
which  are  loaded  with  masses),  then  the  first  ^w  of  thermodynamics. 

In  the  particular  case  of  a  plasma  which  Is  sufficiently  cold  that  the 
medium  makes  no  contribution  whatever  to  the  thermodynamic  functions. 
Is  written  In  the  form 

7B5=8<£>-<g£>;  £=«»V/8.t, 

and  from  the  statistical  procedvire  for  deriving  this  law  It  Is  even 
seen  for  states  close  to  thermodynamic  equilibrium  that  T  Is  the  tem¬ 
perature  of  the  plasma  "excitation  gas"  which  can  in  the  particular 
case  be  identified  with  the  "avcon"  gas,  the  hypothesis  of  which  was 
advanced  by  the  theoretical  group  of  the  Avco  firm  (Kantrowltz, 
Fetschek).  In  the  case  of  "frozen-in"  force  lines  In  the  medium,  v/e 
have 

7«=  (5<W*V>  +  <«*>8y)/3.a9fc  <//>»<WV>/4.t  =  0t 
l.e.,  the  entropy  of  the  plasma  can  change  also  when  the  medium  does 
not  play  any  role. 
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If  the  Tiediun  does  nake  an  appreciable  contribution  to  the  themo- 
dynamics  of  the  plasna,  then  the  aforementioned  factor  of  ener^  change 
nevertheless  remains  and  this  factor  is  the  only  observable  one  when 
the  dissipation  via  collisions  becomes  too  slow  under  the  given  condi¬ 
tions. 

This  result  can  be  regarded  as  a  somewhat  generalized  Interpreta-- 
tlon  of  the  work  of  the  theoretical  group  of  the  Avco  company,  carried 
out  from  the  point  of  view  of  fundamental  simple  lav;s  of  statistical 
thermodynamics. 
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OSCILLATIONS  0?  AN  INHOMOGENEOUS  PLASMA 

L.I.  Rudakov 
Moscow 

The  kinetic  equation  Is  used  to  consider  the  problem  of  the  damp¬ 
ing  and  buildup  of  magnetohydrodynamlc  waves  In  an  Inhomogeneous  plasma 
In  a  magnetic  field. 

The  main  contents  of  the  work  was  published  In  ZhETP, .37*  5(11), 
1337.  1959. 

PLASMA  OSCILLATIONS  BETWEEN  TWO  ELECTRODES 
S.V.  lordanskly 
Moscow 

The  problem  Is  considered  of  the  excitation  of  electronic  one- 
dimenslonal  oscillations  In  a  plasma  when  a  beam  of  electrons  Is  passed 
between  two  electrodes  that  have  a  specified  negative  potential  rela¬ 
tive  to  the  plasma.  The  plasma  and  beam  electrodes  are  assvuned  cold 
and  the  hydrodynamic  approximation  is  used.  The  solution  of  the  linear¬ 
ized  equations  with  allov/ance  of  suitable  boundary  conditions  on  the 
electrodes  and  on  the  boundaries  of  the  ion  layers  shov/s  that  an  in¬ 
finite  number  of  oscillations  that  Increase  exponentially  in  time  arises, 
with  frequencies  located  near  the  plasma  frequency.  The  formulas  ob¬ 
tained  for  the  case  of  low'  bean  Intensity  and  for  large  distance  be¬ 
tween  electrodes  show  that  the  dependence  of  the  frequency  of  the  os¬ 
cillation  with  the  largest  Increment  on  the  plasma  frequency  has  a 
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steplike  character,  and  that  the  najclna’n  increnent  Is  obtained  v/hen 

*  . 

the  oscillation  frequency  Is  exactly  equal  to  the  plasma  frequency. 

These  results  agree  qualitatively  with  the  experiments  of  Looney  and 
Brown  [l],  which  were  carried  out  at  high  beam  Intensities. 
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NONLINEAR  LANGMUIR  OSCILUTIONS  OP  IONS  IN  A  PLASMA 

M.V.  Ronyukov 
Moscow 

Nonlinear  oscillations  of  a  one-dlmenslonal  plasma  are  considered 
In  the  quaslhydrodynamlc  approximation. 

In  addition  to  the  already  considered  nonlinear  electron  oscllla-  * 

tlons,  nonlinear  Ion  oscillations  In  the  plasma  are  Investigated. 

The  solution  Is  presented  for  two  cases: 

a)  localized  oscillations  of  the  Ions  with  the  frequency,  arising 
In  the  plasma  at  Infinite  electron  temperature; 

t>)  electroacoustic  leaves,  existing  at  finite  electron  temperatures.  < 

In  the  first  case,  an  exact  solution  can  be  found. 

In  the  second  case,  the  solution  is  obtained  in  quadratures;  the  4 

\ 

dependence  of  the  period  on  the  plasma  parameters  and  on  the  initial 
conditions  is  obtained,  cind  the  region  of  existence  of  nonlinear  elec¬ 
troacoustic  waves  Is  also  established. 

The  paper  was  published  in  ZhETF,  37,  3(9),  799,  1959- 
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TRAliSmOII  RADIATIOil  OF  A  CHARGE 
OH  THE  FROOT  OF  A  SHOCK  WAVE 

L.S.  Bogdankevlch,  B.M.  Bolotovskly,  A. A.  Ralchadze 

Moscow 

T/te  problem  Is  solved  of  transition  radlatl<«i  of  a  fast  chairged 
particle  passing  through  the  front  of  a  strong  shoelk  wave  which  Ionizes 
the  medium.  Formulas  are  obtained  for  the  energy  loss  of  the  particle 
under  different  assiunptlons  concerning  the  jropertles  of  the  media 
ahead  of  and  behind  the  wave  front. 


CYCLOTRON  RADIATION  OF  A  PLASMA 

V.I.  Pakhomov,  K.N.  Stepanov 
Moscow 

The  radiation  of  an  electron  moving  along  a  helix  In  a  plasma 
situated  in  a  magnetic  field  Is  considered.  It  is  assumed  that  the 
velocity  of  the  electron  is  of  the  order  of  the  mean  Idiermal  velocity 
of  the  plasma  electrons. 

The  angulsr  distribution  of  the  radiation  Intensity  Is  obtained 
for  different  harmonics.  Losses  to  cyclotron  radiation  from  a  bounded 
plasma  are  estimated. 

The  paper  was  published  In  ZhETF,  38,  5,  158^,  i960. 
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BEHAVIOR  OP  A  PLASMA  IN  STRONG  ELECTRIC  FIELDS 

L.V.  Dubovoy,  A.G.  Poncaarenko,  O.M.  Shvets 

Khar*lK)v 

The  behavior  of  a  plasma  in  electric  fields  with  Intensities  0. 1- 

100  v/cm  was  Investigated  by  high-frequency  diagnostic' methods.  It  was 

8 

observed  that  In  discharges  with  charged  particle  concentrations  10  - 
10^®  per  cubic  centimeter  for  electric  field  Intensities  larger  than 
1-10  v/cm,  the  effects  of  the  Interaction  of  the  Ions  and  electrons  In 
the  plasma  cannot  be  explained  by  means  of  the  pair  collision  theory 
that  takes  Into  account  collisions  of  the  type  occurring  between  a 
charged  particle  and  a  neutral  particle  (under  the  experimental  condi¬ 
tions  the  contribution  of  the  Coulomb  collisions  was  negligibly  small). 

Rapid  thermal izat Ion  of  the  beams  of  charged  particles  in  low 
press\ire  discharges  (th<=?  "Langmuir  paradox"  [1]),  experiments  on  ohmic 
heating  of  plasma  in  stellarators,  attempts  to  create  a  plasma  beta¬ 
tron,  and  an  investigation  of  the  feasibility  of  heating  Ions  by  the 
cyclotron  resonance  method  [2,  31  disclose’ interaction  effects  between 
particles,  greatly  In  excess  of  those  expected  from  the  pair  collision 
theory. 

At  the  same  time,  an  Investigation  of  an  electron  plasma  In  ther¬ 
mal  equilibrium  [1]  shows  that  the  Interaction  betv.een  particles  cor¬ 
responds  In  this  case  to  the  theory.  Consequently,  the  "X"  mechanism, 
which  Is  possible  In  the  Langmuir  paradox,  etc.,  should  be  the  result 
of  the  fact  that  the  discharge  plasma  is  not  In  thermal  equilibrl’sm, 
which  In  particular  Is  dlst-urbed  by  the  extensive  use  of  electric 
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fields  In  most  modern  structures  used  to  investigate  discharges. 

In  connection  with  the  indirect  character  of  the  data  available 
on  this  problem  (the  increased  frequency  of  the  collisions  that  bring  • 
about  a  reinforced  exchange  of  energy  between  particles  can  be  Judged 
from  the  Increase  In  the  diffusion  coefficient  of  the  charged  paurtlcles 
transversely  to  the  magnetic  field,  from  the  Maxwelllzation  rate,  etc.), 
we  undertook  to  determine  directly  the  effective  collision  frequency 
[4]  of  the  electrons  and  Ions  in  the  plasma  as  a  function  of  the  elec- 
trie  field  Intensity.  The  method  used  for  the  measurement  was  the  one 
previously  developed  by  the  author  [5]  for  the  determination  of  the 
particle  collision  frequency  in  a  plasma  by  measiirlng  the  transverse 
component  of  the  discharge  conductivity  in  a  magnetic  field  in  the  re¬ 
gion  of  cyclotron  resonance  for  the  given  species  of  particles. 


Pig.  1.  Setup  for  measuring  the  ef¬ 
fective  electron  collision  fre¬ 
quency  in  a  plasma.  1)  3-cra  stand¬ 
ard  signal  generator;  2)  logarith¬ 
mic  detector;  3)  to  oscilloscope. 


The  main  measurements  were  carried  out  in  discharges,  in  which 
for  the  case  of  weak  electric  fields,  which  guaucantee  the  smallness  of 
the  perttirbation  Av  in  the  particle  velocity  compared  with  the  thermal 
velocity  Vj,  the  principal  role  is  played  by  collisions  between  charged 
particles  and  neutral  ones  (a  uniqije  model  of  a  high-temperatiu’e 
plasma). 

A  block  diagram  of  the  experiments  on  the  determination  of  the’  ef¬ 
fective  collision  frequency  of  the  electrons  in  the  plasma  la  shown  in 

Pig.  1. 
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Fig.  2.  Dependence  of  effective 
collision  frequency  of  the 
electrons  in  a  plasma  on  the 
electric  field  intensity.  1) 

Gas.  2)  ev/cm:  3) 

A  quartz  or  pyrex  discharge  bulb  was  placed  between  two  dielectric 
antennas,  one  of  which  was  connected  to  a  low-power  klystron  generator 
with  frequency  =  9000  megacycles,  and  the  other  was  connected  to 
the  detector.  The  electric  component  of  the  measuring  signal  E  was  ori¬ 
ented  perpendicular  to  the  static  field  Hq,  produced  by  an  iron  core 
magnet.  The  electronic  circuitry  made  it  possible  to  measure  the  loga¬ 
rithm  of  the  ratio  of  the  amplitude  of  the  incident  wave  of  the  sound¬ 
ing  signal  to  the  transmitted  wave  (a  quantity  proportional  to  the 

4/22 

plasma  conductivity  for  the  case  «  1,  where  cOq  is  the. Lang¬ 
muir  frequency  of  the  plasma  and  is  the  effective  frequency  of 

the  electron  collisions  in  the  discharge),  in  the  region  of  cyclotron 
resonance  of  the  electrons,  from  which  the  value  of  was  directly 

determined. 

A  spatially  homogeneous  electric  field  E  was  produced  in  the 
plasma  by  means  of  a  parallel  plate  capacitor  connected  to  a  60-mega¬ 
cycle  generator.  The  minimum  concentration  of  the  neutral  particles  in 
the  experiments  (lO^^-lO^^  per  cubic  centimeter)  was  chosen  such  that 
the  amplitude  of  the  electron  oscillations  did  not  exceed  several  per¬ 
cent  of  the  smallest  dimension  of  the  bulb  in  the  maximum  field  E^j  = 
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=  ICO  v/cjn,  used  In  the  measurenents;  this  amplitude  had  a  value 
p,(p)Ej^w,  where  p(p)  v;as  the  mobility  of  the  electrons  at  a  pressure 
and  u  Is  the  frequency  of  the  field  E.  This  ensured  also  the  conditions 
for  the  penetration  of  the  field  E  Into  the  plasma  (Vgf^A>  »  1  [6]) 

In  a  wide  range  of  variation  of  the  charged  particle  density  In  the 
discharge. 

The  obtained  dependence  of  the  electron  collision  frequency  In 
the  plasma  on  the  Intensity  of  the  electric  field  E,  oriented  parallel 
to  the  magnetic  field  Hq,  Is  shown  In  Pig.  2.  Uie  same  figure  shows 
the  dependence,  calculated  from  [6,  71*  of  the  effective  frequency  of 
the  collisions  between  the  electrons  and  the  neutral  particles.  The 
sharp  discrepancy  between  the  measured  values  of  and  those  ex¬ 
pected  In  fields  larger  than  20  v/cm  offer  evidence  of  appearance  of 
an  additional  mechanism  whereby  the  electron  energy  Is  dissipated. 

Since  E  >  20  v/cra,  the  role  of  the  neutral  particles  In  the  collision 
processes  becomes  Insignificant,  and  one  can  expect  the  obtained  de¬ 
pendence  to  be  valid  for  all  values  of  residual  gas  pressure.  Prelim¬ 
inary  measurements  confirm  the  correctness  of  this  assumptlon- 

In  connection  with  the  fact  that  when  eOH  the  plasma  density 
changes  somewhat  with  variation  of  E,  the  dependence  of  on  E 

shown  In  Fig.  2  Is  apparently  exaggerated.  Indeed,  v;hen  EiH,.when  dis¬ 
charge  conditions  could  be  obtained  under  which  the  density,  estimated 
from  the  Intensity  of  the  light  emitted  by  the  discharge  and  from  the 
absorption  of  the  soxindlng  signal  at  the  Instant  of  resonance,  remain 
practically  constant  over  a  wide  range  of  variation  of  E,  the  depand- 
ence  =  Vg^^-CE)  for  E  >  20  v/cm  turns  out  to  be  close  to  linear  for 
E  >  20  v/ca  {see  Fig.  2). 

As  for  the  case  of  electrons.  In  the  Investigation  of  the  effective 
Ion  collision  frequencies  In  the  plasma,  at  low  electric  field  Inten- 
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slty  values  that  perturb  little  the  initial  value  of  the  ion  tempera¬ 
ture  the  interaction  cross  sections  obtained  were  in  satisfactory 
agreement  with  the  theoretical  predictions  for  the  resonant  charge  ex¬ 
change  process  [5,  8].  However,  on  going  over  to  field  intensities  E 
sufficient  to  make  the  ion  energy  exceed  the  mean  plasma  temperature, 
the  typical  dependence  obtained  was  of  the  type  E®‘®-E^’^,  l.e.,  al¬ 
ways  much  stronger,  in  place  of  the  well-investigated  Increase  In  fre- 
g[uency  of  collision  between  the  Ions  and  the  neutral  pau'tlcles,  pro¬ 
portional  to  the  square  root  of  the  field  intensity.  It  Is  characteris¬ 
tic  that  in  the  presence  of  intrinsic  noise  in  the  plasma,  which  is  a 
unique  indicator  of  the  possibility  of  the  occurrence  of  instabilities 
in  the  discharge,  the  exponent  of  E  in  the  function  v^(E)  is  as  a  rule 
larger  than  0.7. 


Fig.  3-  Dependence  of  the  effec¬ 
tive  ion  collision  frequency  in 
a  plasma  on  the  electric  field 
Intensity,  l)  Gas. 

Figure  3  shows  the  measured  dependence  of  the  ion  collision  fre¬ 
quency  in  an  electrode less  discharge  on  the  intensity  of  the  electric 
field  E,  perpendicular  to  the  magnetic  field  and  varying  with  a  fre¬ 
quency  equal  to  the  ion  cyclotron  frequency  (the  tisual  measurement 
techniques  were  used  [2,  3]). 
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C\irve  I  was  obtained  for  the  specific  case  of  a  lov^-denslty  (10^ 
per  cubic  centlneter)  plasraa  with  lov/  level  of  Intrinsic  noise,  and  Is 
in  good  agreement  with  the  expected  theoretical  dependence  -  E 

However,  on  going  over  to  larger  densities,  characterized  by  a  ratio 
<  1,  where  is  the  langnulr  frequency  of  the  ions,  the  de¬ 
pendence  of  the  effective  collision  frequency  (curve  Jl),  which  is 
most  typical  far  ordinary  discharges  (relatively  high  noise  level,  and 
densities  10^-10^®  per  cubic  centimeter),  is  close  to  linear  for  fields 
E  >  1  v/cm.  It  is  seen  that  when  E  >  0.5  v/cm,  a  new  interaction  mech¬ 


anism  appears  for  ions,  connected  with  the  presence  of  the  electric 
field. 

For  transverse  fields  E  with  frequencies  that  differ  from  cyclo¬ 
tron  frequency  (u  ^  m  )  the  Instant  of  occurrence  of  the  anomaly  is 
shifted  toward  the  larger  values  of  the  electric  field,  coinciding 
practically  with  .the  case  of  electrons  (Ej^  -  10-15  v/cm),  which  ap¬ 
parently  is  connected  with  the  fact  that  when  the  resonance  conditions 
are  satisfied  a  sufficiently  strong  anisotropy  of  the  ion  velocities 
arises  at  much  smaller  values  of  E. 

The  Influence  of  the  longitudinal  electric  field  on  the  ion  col¬ 
lision  frequency  in  the  plasma  v/as  not  investigated,  since  the  pres¬ 
ence  of  analogous  effects  are  evidenced  by  experiments  on  the  heating 
of  plasraa  by  the  method  of  ion  cyclotron  resonance  in  stellarators  [2]. 
A  comparison  of  the  efficiency  with  which  the  high-frequency  ion  heat¬ 
ing  energy  is  absorbed  in  this  case  Indicates  an  anomalously  high  col¬ 
lision  frequency  for  the  ions  d’oring  the  time  of  existence  of  the  elec¬ 
tric  field  of  the  ohmic  heating,  compared  with  the  conditions  in  a  de¬ 
caying  plasma  with  the  same  parameters.  One  can  also  attribute  to  anal¬ 
ogous  effects,  apparently,  the  shorter  time  of  plasma  confinement  in 
stellarators  in  the  presence  of  an  ohmic  heating  field,  since  an  In- 
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crease  In  the  collision  frequency  leads  to  a  direct  Increase  In  the 
diffusion  coefficient. 

In  conclusion  we  must  note  the  strong  influence  of  the  noise 
level  in  the  discharge  on  the  processes  of  particle  interaction  in  the 
plasma.  At  the  same  time^  it  was  observed  in  many  cases  that  an  in¬ 
crease  in  the  electric  field  intensity  in  the  plasma  leads  to  a  clearly 
pronounced  Increase  in  the  noise  level. 

Unfortunately,  the  data  presently  available  are  not  sufficient 
for  a  specific  comparison  with  one  of  the  numerous  models  considered 
In  many  theoretical  papers  [9*  10].  One  can  assume  with  respect  to  the 
nature  of  the  observed  phenomenon  that  the  presence  of  strong  electric 
fields  in  the  plasma,  contributing  to  the  appearance  of  directed  par¬ 
ticle  streams  with  different  velocities  for  components  of  different 
species,  leads  to  the  occurrence  of  microfluctuations,  which  Increase 
the  Interaction  between  the  particles  with  subsequent  rapid  thermallza- 
tion. 

One  can  also  assume  that  for  fields  larger  than  10-20  v/cm,  the 
instability  in  discharges  of  the  "runav/ay  electron"  type  will  be 
greatly  attenuated,  and  anomalies  must  appear  in  the  behavior  of  the 
plasma  conductivity  along  with  a  strong  dependence  of  the  diffusion 
processes  in  the  charged  particles  on  the  intensity  of  the  electric 
field. 

It  would  be  extremely  Interesting  to  investigate  the  behavior  of 
the  quantities  v^^^^  and  as  functions  of  the  plasma  density  and  the 
magnetic  field  Intenslty. 

Uie  authors  are  grateful  to  Professor  K.D.  Sinel'nikov  for  prac¬ 
tical  remarks. 
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ON  THE  ROLE  OP  SPACE  CHARGE  IN  A  DISCHARGE  WITH 
OSCILLATING  ELECTRONS  IN  A  HAGJETIC  FIELD 

M.N.  Vaall'yeva,  E.M.  Reykhrudel' 

Moscow 

The  Ignition  and  development  of  a  discharge  at  low  pressures  In  a 
magnetic  field  depend  essentially  on  the  kinetics  of  the  electrons.  A 
discharge  with  oscillating  electrons  In  an  Inhomogeneous  electric  and 
In  a  constant  magnetic  field  has  found  use  In  many  devices:  manometers, 
pumps.  Ion  sources,  etc.  The  arrangement  of  the  electrodes  and  the  di¬ 
rection  of  the  magnetic  field  are  shown  In  Pig.  1-a.  The  kinetics  of 
the  electrons  in  such  a  discharge,  without  acaount  of  space  charge, 
was  considered  In  many  recently  published  papers  [1-3 !•  At  the  given 
configuration  of  the  electric  and  magnetic  fields,  the  electrons  leav¬ 
ing  different  spots  on  the  cathode,  and  also  the  electrons  formed  In 
the  discharge  gap,  oscillate  in  the  discharge,  forming  a  negative 
space  charge.  A  typical  distribution  of  the  potential  along  the  z  axis 
and  along  the  radius  r  of  the  tube  in  the  plane  of  the  anode  ring, 
without  a  discharge  and  In  a  hot  discharge.  Is  shovm  In  Fig.  1-b  [4], 

It  is  clear  from  Fig.  1  that  the  presence  of  space  charge  greatly 
changes  the  potential  distribution  curves,  and  consequently  also  the 
character  of  motion  of  the  electrons  in  the  discharge. 

The  real  potential  distribution  along  the  discharge  axis  z  and  in 
the  anode  plane  rG,  taking  place  In  a  hot  discharge,  can  be  represented 
In  the  fora 
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(1) 


(2) 

where  d  Is  the  distance  from  the  cathode  to  the  plane  of  the  anode 
ring,  £  la  the  value  of  z  at  which  the  distribution  curve  of  the  poten¬ 
tial  9(z)  has  a  inarTmuia,  cPq  Is  the  potential  of  the  center  of  the  tube 
(at  z  =s  d)  In  the  case  when  there  Is  no  space  charge,  l.e.,  p  =  d,  and 
the  potential  distribution  along  z  Is  given  by  curve  1  (see  Pig,  1), 
r^  Is  the  radius  of  the  anode  ring,  ^  la  the  value  of  r  corresponding 
to  the  minimum  of  tte  function  <p(r),  and  k  la  a  coefficient  with  value 
k  =  (^a  “  2q)/(rj|^  —  q).  When  p  =  d  and  q  =  0,  the  functions  ^(z)  and 
<p(r)  describe  tte  distribution  of  the  potential  In  the  absence  of  a  ' 
discharge  (curve  1  on  Pig.  1-b).  This  case  Is  considered  in  detail  In 
[11. 

The  problem  Is  solved  of  the  motion  of  an  electron  In  a  longi¬ 
tudinal  magnetic  field  H  and  in  an  electric  field  v;hose  potential  dis¬ 
tribution  Is  described  by  the  functions  ^(z)  and  9{r).  The  equations 

of  motion  for  this  case  have  the  form 

-  dj 

(3) 

r  ^  erhH 

m(r-re»)  =  <*g--— ,  (4) 

1  d , ,  • ,  , 

(5) 

From  (1)  and  (3),  tender  the  Initial  conditions  t  =  0,  z  =  z«,  z  = 


=  Zq,  we  obtain 


where 


z  =» /I  sin  (u/ a) + p. 


4-y 

The  given  solution  (6)  describes  the  behavior  of  the  electron  in  the 
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Fig.  1.  a)  Schematic  diagram 
of  the  discharge  gap:  K  disk 
cathodes.  A  —  ring  anode;  b), 
distribution  of  the  potential 
along  the  z  axis  and  along  the 
radius  r  oT  the  tube  In  the 
plane  o7  the  anode  ring  for 
different  values  of  the  mag- 

_Zi 

netlc  field;  p  =  3*10  mm  Hg; 

1)  potential  distribution  In 
the  absence  of  a  discharge; 

2-4)  In  the  presence  of  space 
charge;  2)  H  =  280  oersted;  3) 

H  =  315  oersted;  4)  H  =  350 
oersted;  5)  theoretical. 

Interval  from  z  =  0  to  z  =  d,  since  <?{z)  coincides  v;lth  the  experimen¬ 
tal  potential  distribution  only  in  that  interval  of  variation  of  _z. ' 

The  potential  distribution  In  the  discharge  is  symmetrical  with  respect 
to  the  anode  plane  (z  =  d),  and  the  motion  of  the  electron  in  the  In¬ 
terval  from  z  =  d  to  z  =  2d  will  be  described  by  the  same  fimction 
o(z),  but  with  origin  at  z  =  2d. 

An  analysis  of  the  solution  (6)  shows  that,  depending  on  the  in- 
itial  conditions  Zq  and  Zq,  the  motion  of  the  electron  along  the  z 
axis  will  be  either  anharmonlc  or  harmonic.  If  the  Initial  conditions 
are  such  that  A  >  d  —  p,  then  the  electron  will  execute  anharmonlc  ps- 
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dilations  about  the  plane  of  the  anode  v/lth  frequency  which  de¬ 
pends  on  the  initial  conditions 

_ ■ 

2|s — arccoi^^^j 

Hie  freqpiency  is  always  smaller  than  the  frequency  of  the  harmonic 
oscillations,  which  would  arise  under  the  same  dlschan:ge  conditions, 
were  there  to  be  no  space  charge.  When  A  <  d  —  p  the  motion  of  the 
electron  will  be  harmonic  with  frequency  to,  which  is  Independent  of 
the  Initial  conditions  Zq  and  Zq.  In  this  case  the  electron  will  not 
pass  through  the  anode  ring  into  the  space  adjacent  to  the  second  • 
cathode,  and  will  execute  harmonic  oscillations  with  respect  to  the 
plane  corresponding  to  the  maxlmiun  of  the  potential  distribution  curve 
(p(z).  The  frequency  of  these  harmonic  oscillations  co  will  always  ex¬ 
ceed  the  frequency  of  the  harmonic  oscillations  which  would  arise  In 
the  absence  of  space  charge.  If  the  space  charge  is  disregarded,  tdien 
the  motion  of  the  electron  will  always  be  harmonic  relative  to  the 
plane  of  the  einode,  with  frequency  coq  =  ^ 2eq)Q/md^,  which  is  independ¬ 
ent  of  the  initial  conditions.  Figure  2  shows  the  curves  of  the  elec¬ 
tron  motion  along  the  discharge  axis  z  for  different  initial  conditions 
in  the  presence  and  in  the  absence  of  space  charge. 

Thus,  the  space  charge  leads  to  the  occiirrence  of  two  types  of 
dielectric  oscillations  in  the  discharge,  with  frequency  on  the  order 
of  10^  sec  ,  and  to  the  presence  of  high-frequency  noise  in  the  dis¬ 
charge  [2,  4].  Several  ionization  regions  are  produced  along  the  dis- 
ciiarge  axis  _z,  as  confirmed  by  the  presence  of  ion  groups  of  different 
velocities  in  the  discharge  [5l. 

The  solution  of  Eqs.  (4,  5)  'subject  to  Condition  (2),  describing 
the  motion  of  the  electron  in  the  anode  plane  r0,  reduces  to  the  solu¬ 
tion  of  an  equation  of  the  type  r  +  Ar  —  (B/r^)  +  C  =  0,  where  A  = 
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Pig.  2.  Character  of  motion  of  elec¬ 
tron  along  the  discharge  axis  z  In 
the  presence  of  space  charge  (5,  4) 
and  In  Its  absence  (1,  3)  for  dif¬ 
ferent  Initial  conditions:  1,  2) 

Zq  =  0.8  cm;  3>  Zq  =  1-0  cm.  A) 


=  (eH/2mc)^  -  e2P/m;  B  =  (eH/2mc)^  r^. 


After  Integration  we  have 


;*  +  A/*+®+.2/^C  =  C,  (7);  =  + 


Prom  the  given  equation  we  can  obtain  the  value  of  the  critical  mag¬ 


netic  field  at  which  the  electron  trajectory  Is  tangent  to  the 


s\irface  of  the  anode 


The  calculations  performed  show  that  is  the  greater,  the  farther 
away  from  the  axis  the  electron  was  produced  and  the  larger  its  initial 


radial  velocity  rQ  is.  The  values  of  calculated  with  allowance 

for  space  charge,  always  exceed  the  values  of  obtained  without  al¬ 


lowance  for  space  charge. 


Equation  (?)  reduces  to  an  Integral  of  the  form 
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rdr _ 

20^  +  0*^' 


which  cannot  be  accxirately  calculated.  Expanding  the  Integrand  In  a 


series,  we  obtain 


fdr  .  B  f  dr  .Zmr  dr  , 

*J  8  y  f*/?*  •  • 


Where  R  =  — Ar*^  —  2Cr  +  A  comparison  of  the  results  of  the  numerical 
Integration  and  of  the  results  obtained  upon  Integration  of  the  terms 
of  the  given  series,  one  can  restrict  oneself  to  the  first  two  terms 
of  the  expansion  with  accuracy  up  to  25^. 

VJhen  H  >  Hj^,  A  >  0  we  obtain 


^  —  ‘/v  si®  +  —  f/— —  — \J-,  J. 

l^C,  +  C*  ^  2  [\q  C,rj^  + 

-1  f  iV+C  3C  ,  2 

+i^)]+c^ 


where  Cg  Is  a  constant .  equal  to  the  expression  In  the  right  half  taken 
with  r  =  rQ  and  with  the  sign  reversed.  If  H  <  then  the  electron 
will  move  away  to  the  anode,  so  that 


+  /?£+?d\_dl+£__  3C  ,2,^ 

\C1  +  qyq'“7^^'~ 


where  Is  determined  In  analogy  with  Cg. 

To  plot  the  electron  trajectory  In  the  rS  plane  It  Is  necessary 
to  know  also  the  dependence  6(t).  From  Eq.  (5)  tinder  the  condition 


t  =  0,  r  =  r^i,  Vq  =  0  we  have 
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since  r  cannot  be  explicitly  expressed  frOi-n  (8)  and  (9),  we  seek  the 
trajectory  equation  in  the  foin  S  =  6(r) 


e 


.  B  f 

C,r 

^2|  7?  h 

,  4A\  ,  135C*  ,  IISAC?  ,8A^  Ar+C  1 

6cp  /\m:j +3qj‘^(2^+  eq  +3q/jc7+^] 


eH 
“2/nc 

7C  I  /35C» 


-?yc;+?(”cf+%^]'"|ic.-c'+i«»+c.). 


Where  Cjij^  is  equal  to  the  e:q)resslon  in  the  braces,  taken  with  r  =>  Tq 
and  the  sign  reversed.  Depending  on  the  value  of  H,  we  determine  _t 
either  from  (8)  or  (9)« 


Fig-  3-  Motion  of  electron  in 
the  plane  rS  of  the  anode  ring. 

The  solid  cxirves  are  plotted 
with  allov/ance  for  space  charge, 
while  the  dashed  ones  are  with¬ 
out  alloi-fance  of  the  space 
charge.  Above  —  r^  =  0;  below  — 

r^  =  0.3  cm. 

If  the  electron  was  produced  at  the  center  of  the  tube  (r^  =  O) 
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then  B  =  0  and  the  equations  of  notion  can  he  integrated  exactly.  Fig¬ 
ure  3  shows  the  trajectories  of  the  electron  notion  in  the  plane  r6, 
calculated  with  and  ^/Ithout  account  of  space  charge.  It  Is  seen  ftom 
the  figure  that  the  space  charge  contributes  to  additional  contraction 
of  the  discharge  and  to  an  Increase  In  the  freqpiency  of  the  gyroinag- 
netlc  oscillations.  Eie  frequency  of  these  oscillations, depends  on  the 
Initial  conditions  and  Is  of  the  same  order  (10^  sec"^)  as  the  fre¬ 
quency  of  electron  oscillations  along  the  discharge  eucls  z.  Conse- 
quently«  resonant  oscillations  can  set  In  [2].  If  the  space  charge  is 
disregarded,  then  the  frequency  of  the  oscillations  Is  Independent  of 
the  Initial  conditions  Tq  and  rQ  and  there  are  no  resonance  conditions. 

Tne  obtained  dependence  of  on  the  magnitude  of  the  space 
charge  and  on  the  Initial  conditions,  as  v/ell  as  the  Increase  of  the 
contraction  of  the  discharge  v/ith  increasing  space  charge,  make  It 
possible  to  ejiplaln  some  complicated  discharge  characteristics  I  =  f(H), 
I  =  f((p„).  It  Is  kno^vn  that  tinder  pressures  on  the  order  of  10  -10 

mm  Hg,  the  curves  shov/ing  the  dependence  of  the  discharge  current  on 
the  magnitude  of  the  magnetic  field  and  on  the  anode  voltage  display  a 
series  of  maxima  auid  minima  [4,  51-  A  typical  curve  showing  the  de¬ 
pendence  of  the  discharge  current  on  H  vilth  the  first  maximum  is  sho™ 
In  Fig.  4. 

With  Increasing  H,  the  discharge  current  Increases  because  cf  the 
ever-lncreaslng  number  of  electrons  that  are  retained  In  the  discharge, 
thereby  Increasing  the  ionization  In  the  volume.  Simultaneously,  the 
Increase  In  H  leads  to  a  larger  contraction  of  the  discharge.  The  nega¬ 
tive  space  charge  at  the  center  of  the  tube  Increases,  since  the  Ions 
move  out  of  the  volume.  The  formation  of  the  space  charge  contributes 
to  an  even  greater  contraction  of  the  discharge.  Under  certain  values 
of  H,  the  space  charge  reaches  as  It  were  a  critical  value,  when  the 
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Fig.  4.  Dependence  of  the  dls* 
charge  current  on  H;  =  2.4 

lev;  p  =  3*10”^  ran  Hg.  l)  Oe.  • 

existing  magnetic  field  Is  no.  longer  sufficient  to  retain  the  elec¬ 
trons  In  the  discharge  (Hj^  Increases  with  Increasing  ^g).  Consequently, 
further  Increase  In  the  magnetic  field  causes  a  realignment  of  the 
space  charge,  the  electrons  move  out  from  the  discharge,  and  the  cur¬ 
rent  I  decreases.  At  still  larger  values  of  H,  the  discharge  current 
again  Increases;  the  magnetic  field  becomes  sufficiently  strong  to  re¬ 
tain  the  electrons  In  the  discharge.  At  the  same  time,  the  electrons 
become  more  amd  more  twisted  xirlth  larger  r^  and  rQ.  The  space  charge 
at  the  center  of  the  tube  again  Increases  with  increasing  magnetic 
field.  Thus,  the  occurrence  of  the  second  maximum  cam  be  attributed  to 
the  same  causes,  but  at  a  larger  space  charge  density.  The  region  of 
the  second  naxlmun  Is  as  a  rule  broader,  because  of  the  spreading  of 
the  space  charge  resulting  from  the  repelling  action  of  the  electrons. 

With  Increasing  anode  voltage  the  maxima  shift  tov.-ard  the 

a 

larger  magnetic  fields.  In  this  case  the  electrons  acquire  larger  val- 
ues  of  Tq  and  to  retain  them  in  the  discharge  larger  values  of  are 
necessary.  The  critical  space  charge  preventing  further  increase  in 
the  discharge  current  is  produced  at  large  magnetic  fields.  With  in¬ 


crease  In  pressure,  the  maxima  shift  to  the  left,  since  the  concentra¬ 
tion  of  the  electrons  In  the  discharge  Increases  and  the  realignment 


of  the  discharge  occxrrs  at  srialler  values  of  .H. 

COIICLUSIONS 

1.  A  solution  is  presented  of  the  problem  of  the  motion  of  the 
electron  along  the  discharge  axis  z  and  in  the  anode  plane  rS  in  a 
longitudinal  magnetic  field  H  and  in  an  Inhomogeneous  electric  field, 
in  which  the  potential  distribution  is  described  by  functions  <p(z)  and 
q){r),  which  take  into  account  the  presence  of  space  charge. 

2.  An  analysis  of  the  solution  shows  that  depending  on  the  initial 
conditions  the  motion  of  the  electrons  will  be  enharmonic  or  harmonic. 
The  frequency  of  the  anharmonlc  oscillations  depends  on  the  initial 
conditions  Zq  and  Zq,  whereas  the  frequency  of  the  harmonic  oscilla¬ 
tions  w  Is  Independent  of  the  initial  conditions. 

3.  The  electrons  having  a  radial  velocity  component  ^  0  will 
also  execute  gyromagnetlc  oscillations,  rotating  in  the  r©  plane.  The 
frequency  of  the  gyromagnetlc  oscillf.v’ons  in  the  presence  of  space 
charge  depends  on  the  initial  conditions,  and  resonance  is  possible 
between  the  gyromagnetlc  oscillations  in  the  r©  plane  and  the  oscilla¬ 
tions  along  the  discharge  axis  z, 

A.  The  space  charge  contributes  to  the  contraction  of  the  dis¬ 
charge  by  changing  the  radial  potential  distribution. 

5.  An  account  of  the  space  charge  leads  to  a  larger  value  of  the 
critical  magnetic  field  eind  helps  explain  complicated  characteristics 
of  the  discharge. 
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EXPEREffiMTAL  DETERMINATION  OF  THE  NATURE  AND  -CONCENTRATION 
.  OP  EASILY  IONIZED  IMPURITIES  BY  MEANS  OP  ABSORPTION 
OP  RADIO  WAVES  BEHIND  A  SHOCK  WAVE 
T.V.  Bazhenova,  Yu.S.  Lotastov 
Moscow 

In  order  to  obtain  a  high  degree  of  gas  Ionization  at  still .rela> 
tlvely  low  temperatvires  (~2000-4000°K),  It  Is  customary  to  add  to  the 
heated  gas  easily  Ionized  Impurities.  In  addition.  In  e;q}erlments  on 
the  heating  of  a  gas  In  adiabatic  and  shock  tubes,  the  presence  of  an 
Indeterminate  amount  of  different  Impiirltles  Is  unavoidable,  some  of 
which  exert  an  Influence  on  the  thermal  Ionization  of  the  gas. 

In  this  paper  we  present  results  of  experiments  on  the  measure¬ 
ment  of  the  absorption  of  radio  waves  by  argon  heated  in  a  shock  tube 
to  a  temperature  2000-4000°K.  Simultaneously,  we  measure  the  velocity 
of  the  shock  wave  and  the  pressure  behind  It  with  the  aid  of  piezoelec¬ 
tric  pressure  transmitters  and  Schlleren  apparatus  with  drum  type  silt 
scanning.  The  measured  damping  decrement  of  the  radio  waves  can  be  re¬ 
lated  by  means  of  the  well-known  formulas  with  the  concentration  of 
the  free  electrons  behind  the  shock  wave.  The  Ionization  potential  of 
the  impurity,  which  gives  the  basic  number  of  electrons  n^  at  the  given 
temperatures,  can  be  determined  with  the  aid  of  the  Saha  formula  from 
the  slope  of  the  straight  line  representing  the  dependence  of  the  log- 

p 

arlthm  of  on  l/r.  The  value  of  the  temper atture  and  of  the  gas  pres¬ 
sure  behind  the  shock  wave  Is  determined  from  the  measxired  value  of 
Its  rate  of  propagation  and  from  the  Initial  conditions  with  the  aid 
of  the  conservation  laws  for  the  direct  Jump.  After  the  nature  of  the ■ 
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easily  ionized  impurity  is  determined,  the  initial  concentration  of 
this  impurity  is  found  with  the  aid  of-  the  Saha  formula. 

§1.  DESCRIPTION  OP  EXPERII-ENTAL  SETUP 

The  experimental  setup  is  shovm  in  Fig.  1. 

A.  The  high-pressure  chamber  is  connected  through  a  system  of 
metallic  valves  with  a  RVN-20  vacuvim  pump  and  with  a  standard  vacuum 
meter  on  one  side,  and  with  a  manometer  for  23  atmospheres  and  2  bulbs 
(through  reduction  valves)  on  the  other. 


Fig.  1.  l)  To  evacuation  and  filling  sys¬ 
tem;  2)  to  vacuimi  system  and  filling  sys¬ 
tem;  3;  photoregister;  4)  synchronization 
block;  5)  10-4  oscilloscope;  6)  51-1  gen¬ 
erator;  7)  ENO-1  oscilloscope;  8)  detector; 

9)  power  supply  IPK-203. 

B.  The  low-pressure  chamber  consists  of  four  sections  I^, 
and  K^.  Section  Kg  is  a  copper  waveguide  70  x  70  mm  in  cross  section, 

5  ra  long,  with  wall  thickness  3-2.5  nra,  with  flanges  made  of  ST-3  sil¬ 
ver  soldered  on  both  ends.  In  order  to  protect  against  deformation 
dxxrlng  high-pressure  experiments,  this  section  is  contained  in  steel 
clamps  15  mm  thick.  Section  is  made  of  duraluminum  ingot  500  mm 
long  and  has  am  Internal  channel  70  x  70  mm.  In,  this  section  are  In- 
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serted  two  pairs  of  electric  pressure  transmitters  and  Dg  [1],  and 
also  a  two-v/ay  vacuum  valve,  through  lyhich  is  connected  to  the  meas¬ 
uring  vacuum  tube  tr-2  and  to  the  filling  system.  The  same  section  is 
used  to  pump  out  the  entire  low-pressure  chamber  by  means  of  a  VW-1 
pump.  The  section  has  an  Internal  channel  70  x  70  mm  and  two  ground 
glasses  for  the  registration  of  the  processes  with  the  aid  of  a  IAB-431 
Toepler  installation.  The  IAB-451  works  with  an  IPK-200  flash  lamp  and 
a  photographic  register,  which  has  a  linear  film  speed  v  =  117  n/sec. 

Section  (MVX-2  chamber),  with  the  aid  of  which  the  radio  meas¬ 
urements  are  carried  out,  consists  of  a  70  x  70  ncn  waveguide  section 
l40  mm  long,  with  flanges  on  the  ends.  Two  rectangular  openings  are 
cut  on  the  side  of  the  waveguide,  and  through  these  two  antennas 
and  Ag  are  Introduced  Into  the  chamber.  In  order  to  keep  the  system 
sealed,  the  following  measures  were  adopted:  the  antennas  were  care¬ 
fully  soldered  to  the  chamber,  flush  with  the  Internal  channel  and  rub¬ 
ber  gaskets  2.3  nca  thick  were  placed  at  the  Inlet  Aj^  and  at  the  outlet 
*2  ^^1  ^2^*  between  the  cable  ending  kab^^  and  A^^,  Ag,  and  the  de¬ 

tector.  The  waveguide  slots  in  the  antennas  were  covered  with  foamed 
plastic  Inserts  that  were  transparent  to  the  radio  waves.  In  the  upper 
part  of  the  MVK  there  is  a  brass  boss  P,  in  which  a  hole  is  cut  for 
the  piezoelectric  transmitter  D^.  The  chamber  is  tuned  for  a  standing 
wave  minimum  by  means  of  a  moving  end  piston. 

§2.  MEASURING  APPARATUS  AND  CALCULATION  0?  n^  FROM  THE  READINGS 

During  the  performance  of  the  present  investigation,  the  apparatus 
was  used  to  measure  the  velocity  of  the  shock  waves  and  to  measure  the 
absorption  of  radio  waves  in  shock  waves. 

The  measurement  of  the  velocity  was  carried  out  with  the  aid  of 
three  piezoelectric  pressure  transmitters,  a  synchronization  block, 
and  a  cathode-ray  oscilloscope  of  the  10-4  tyi>e. 
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The  shock  wave  passes  in  succession  past  the  transmitters  D^,  Dg, 
and  Dj.  A  signal  from  D  triggers  the  synchronization  block  which  ap¬ 
plies  a  triggering  signal  to  the  10-4  oscillograph,  which  operates  in 
the  driven  sweep  mode.  Dg  and  are  connected  to  the  Input  of  the  10-4 
oscillograph  anqallfler.  From  the  pressxire  oscillogram  recorded  with 
the  aid  of  these  two  transmitters 'one  can  calculate  the  speed  of  the 
shock  wave  if  the  sweep  duration  Is  known. 

For  exact  measurement  of  the  length  of  the  shock  probe,  the  ZAB- 
451  Installation  was  used. 

Absorption  of  radio  waves  was  measured  with  the  aid  of  a  5I-I 

generator,  a  HVK-2  chamber,  a  detector,  and  a  ENO-1  oscillograph,  which 
had  a  broad  band  amplifier  and  operated  in  the  driven  sweep  mode. 

nie  5I-I  generator  was  tuned  to  the  maxlmiAm  radiated  p»ower.  The 
output  power  control  dial  on  the  attenuator  was  set  at  an  attenuation 
5-10  db  In  order  to  exclude  the  reaction  of  the  gasdynamic  process  on 
the  reflex  klystron. 

Before  carrying  out  the  experiment,  both  the  level  of  the  total 
passage  of  the  signal,  and  the  level  of  the  total  absorption  (reflec¬ 
tion)  were  absorbed  on  the  ENO-1  screen,  by  introducing  a  large  value 
of  attenuation  (100  db)  in  the  attenuator. 

Thus,  the  presence  of  a  DC  amplifier,  which  passed  the  DC  compo¬ 
nent  of  the  signal,  made  it  possible  to  carry  out  experiments  with  the 
aid  of  xinmodulated  oscillations  and  greatly  simplified  the  reduction 
of  the  experimental  data  obtained. 

The  sweep  of  the  ENO-1,  like  that  of  the  10-4,  was  triggered  by  a 
signal  obtained  from  the  synchronization  block.  Therefore  the  starts 
of  both  oscillograms  coincide  in  time.  The  transmitter  D^  is  located 
exactly  halfway  between  the  antennas  and  Ag.  This  makes  it  possible 
to  determine  which  section  of  the  shock  wave  corresponds  to  the  given 

-  370  - 


9 


absorption  of  radio  v/aves. 

To  calculate  the  degree  of  Ionization  fron  the  readings  of  the  ap¬ 
paratus,  It  Is  first  necessary  to  calibrate  the  receiving  apparatus 
with  the  aid  of  the  attenuator.  A  null  signal  from  the  generator  Is 
applied  through  the  antennas  and  the  detector  to  the  Input  of  the  os¬ 
cillograph  amplifier.  By  varying  the  amplitude  v^^  of  the  signal  coming 
from  the  generator,  we  obtain  the  dependence  of  the  deflection  of  the 
beam  Ij^  on  the  ENO-1  oscillograph  screen  on  v^^.  Vte  then  plot  = 

=  f(v^An,an;)»  where  Is  taken  with  an  attenuation  on  the  order  of 
5-10  db  In  the  attenuator. 

We  then  determine  from  the  experimentally  obtained  oscillogram 

the  ratio  Vi/v„_^,  where  1  Is  obtained  for  the  same  attenuation,  at 

which  the  calibration  was  carried  out.  The  corresponding  ratio  v,/v 

1  max 

will  Indeed  be  the  sought  radio  wave  transmission  coefficient  A..  Know- 

*•*  ^ 

Ing  Aj_,  the  temperatvu’e  T,  and  the  pressure  p  we  can  determine  the  num¬ 
ber  of  electrons  per  cubic  centimeter  n^. 

Indeed  [2], 

Pi  ’  (1) 

where  a  is  the  conductivity  (sec“^);  v  is  the  number  of  collisions 
(sec”^);  m  Is  the  electron  mass;  e  is  the  electron  charge; 


AV 

(2) 

where  6  Is  the 

radio  wave  damping  decrement  (cm”  ), 

'■“'■'Vrp,' 

(3) 

consequently. 

V, V  ^ =  4  •  K?  se  c -ri  , 

V  =  5.02- 10'*-^. 

VT 

(3a) 

(^) 
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where  r  Is  the  thickness  of  the  layer  of  gas  Jen)  acscrblng  the  radio 
waves. 

In  our  case  r  =  7  cm. 

Thus, 

=  (5) 

where  f  la  the  frequency  of  the  radio  waves  from  the  generator.  In  cps. 
(In  our  case  f  =  10^®  cps.) 

§3.  MEASUREMENT  OP  THE  DEGREE  OF  IONIZATION  OP  352  mURITIES  HI  THE 
ARGON 

The  experiments  were  carried  out  at  pressures  (In  the  low-pressure 
chamber)  on  the  order  of  10  mm,  and  at  incident  shoclc  wave  velocities 
from  3  to  5  m/sec.  3!he  absorption  of  the  radio  waves  was  measured  only 
In  the  reflected  waves  with  psirameters  p  ~  10  ata;  T  =  2000  +  4000®K. 

As  Is  well  known,  the  Ionization  becomes  noticeable  In  argon  only 
starting  with  T  -  10,C00®K,  and  therefore  ionization  at  <  10,000®K 
must  apparently  be  attributed  to  the  impurities  contained  in  the  argon 
and  on  the  tube  walls.  The  task  of  the  control  ejqierlments  was  pre¬ 
cisely  to  clcirlfy  the  nature  and  amount  of  these  Impxirities. 

It  was  also  necessary  to  take  into  account  the  bending  of  the 
radio  waves  around  the  ionized  probe  traveling  past  the  antennas.  For 
this  purpose,  sevaral  Toeplergrams  were  plotted  (Fig.  2),  with  the  aid 
of  which  the  length  of  both  the  Incident  and  the  reflected  shock  probes 
were  determined,  ror  those  modes  at  which  the  experiments  were  carried 
out,  the  probe  dli:2nslons  turned  out  to  be  much  larger  than  the  slits 
in  the  antennas.  T.ierefore,  in  our  case  the  effect  of  bending  around 
can  be  neglected. 

From  the  velocity  of  the  incident  waves  we  calculated  the  tempera¬ 
ture,  the  pressure,  and  the  velocity  of  the  reflected  wave  (Tg,  Pg, 
and  Mg,  respectively  . 
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In  our  case  for  argon  y  =  1.67,  Tq  =  293°K. 

Thus,  by  measuring  experimentally  the  absorption  of  the  radio 
waves  A,  and  knowing  Pq  auid  M  of  the  incident  wave,  we  can  determine 
?!,  Tj^,  Pg,  Tg,  V,  and  n^.  Writing  the  Saha  formula  in  the  form 

t  7 

In/iJ  ••  •InK-|-Inp  +  -2  *”1^'  ~'kt' 


where  K  is  a  certain  constant  independent  of  £  and  T,  we  obtain  the 
dependence 


Jnrt^-ln/7_i|nr 

on  1/T  in  the  form  of  a  line.  The  slope  of  this  line  gives  the  value 
of  (p/k. 

In  the  experiments  performed,  the  ionization  potential  of  the  im¬ 
purities  turn  out  to  be  5»1  (Fig-  3),  which  corresponds  to  the  ioniza¬ 
tion  potential  of  sodium. 

From  the  experimentally  known  values  of  n^  and  ip  we  can  establish 
the  concentration  of  the  sodiimi  impurity  in  the  gas.  For  this  purpose 
we  rewrite  Saha’s  formula  in  the  form 


Here  Is  the  number  of  electrons  In  a  gram-mole  of  the  vapor 
and  Is  the  number  of  sodium  atoms  in  a  gram -mole  of  gas. 


Pig.  3  • 


In  order  to  convert  to  the  number  of  particles  per  cubic  centi¬ 
meter,  we  Introduce  the  factor  corresponding  to  the  voltome  of  a 

gram-mole  of  gas  at  a  temperature  and  pressure  corresponding  to  the 
experimental  conditions.  Then  the  number  of  atoms  of  sodium  per  cubic 
centimeter  is  expressed  In  terms  of  the  number  of  electrons  In  the  fol¬ 
lowing  form: 


T 


Reduction  of  the  data  of  Fig.  3  has  shown  that  the  content  of 
sodium  vapor  In  argon  Is  on  the  order  of 
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•  EXPERIMEOTAL  DETERMUIATIpN  OP  THE  CONCENTRATION  OP 
CHARGED  PARTICLES  IN  ARGON  AND  KRYPTON 
BEHIND  A  SHOCK  WAVE 

V.N.  Alyamovskly,  A.P.  Dronov,  V.P.  Kltayeva, 

A.G.  Sviridov,  N.  N.  Sobolev 
Moscow 

The  present  paper  pertains  to  a  cycle  of  Investigations  carried 
out  at  the  Physics  Institute  of  the  Academy  of  Sciences  on  a  spectro¬ 
scopic  study  of  the  state  of  a  gas  behind  a  shock  wave  [1],  and  Is  de¬ 
voted  to  the  Investigation  of  the  state  of  argon  and  krypton  behind  a 
shock  wave. 

Experimental  study  of  the  state  of  inert  gases  Is  interesting 
from  two  points  of  view  [2].  First,  after  the  passage  through  them  of 
a  shock  wave  of  an  intensity  that  can  be  readily  obtained  under  lab¬ 
oratory  conditions,  they  are  heated  to  relatively  high  temperatures, 
10, 000-15, 000°K.  Second,  gasdynamic  calculations  of  the  state  of  inert 
gases  are  relatively  simple  and  do  not  call  for  additional  supplemen¬ 
tary  data,  which  must  be  used  in  the  calculation  of  the  state  of  more 
complicated  molecular  gases.  This  makes  it  possible  to  obtain  rather 
simply  the  calculated  data,  to  compare  them  with  experiment,  and 
thereby  establish  the  validity  of  the  premises  on  which  the  cailcula- 
tlons  are  based. 

One  of  the  methods  for  the  investigation  of  hlgh-teraperature 
plasma  Is  based  on  a  study  of  the  contours  of  the  spectral  lines.  An 
Investigation  of  line  contours  makes  it  possible  to  obtain  information 
on  the  concentration  of  the  charged  particles  in  the  plasma  behind  the 


shock  wave,  and  In  the  case  of  thermal  equilibrium  it  also  furnishes 
data  on  the  plasma  temperature.  It  must  be  noted  that  the  conditions 
for  the  excitation  of  lines  In  a  plasma  behind  a  shock  wave  are  most 
suitable  for  a  comparison  of  experimental  data  with  the  existing  line 
broadening  theories,  since  the  plasma  behind  a  shock  wave  Is  suffi¬ 
ciently  homogeneous  and  Is  not  perturbed  by  any  external  filelds,  un¬ 
like  the  ordinary  employed  electric  light  sources  (arc,  spark,  etc.). 


Fig.  1.  Diagram  of  experimental  setup. 

In  the  present  Investigation  we  studied  the  hydrogen  lines  In 
krypton  [3]  behind  an  Incident  shock  wave  and  In  argon  (4]  behind  a 
reflected  shock  wave. 

To  obtain  shock  waves,  cylindrical  shock  tubes  were  used,  made  of 
metal  for  the  argon  Investigation  and  of  glass  for  the  krypton  Inves¬ 
tigation.  The  pushing  gas  was  hydrogen.  The  low-pressvire  chamber  v/as 
filled  with  argon  or  krypton  with  small  addition  of  hydrogen,  from 
1-5^  in  krypton  and  about  2^  in  argon.  The  velocity  of  the  incident 
shock  wave  was  measured,  in  the  metallic  tube  with  the  aid  of  ionization 
transmitters  and  in  the  glass  tube  by  registration  of  the  light  signals 
arriving  from  the  probe  to  the  photomultipliers. 

In  argon,  the  contour  of  the  hydrogen  line  was  investigated 
behind  the  reflected  shock  wave.  The  experimental  setup  is  shown  in 
Fig.  1.  The  Hp  line  was  registered  photographically  with  the  aid  of  an 
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Pig.  2.  Contovirs  of  hydrogen 
lines:  a)  b)  Solid 

lines  —  experimental  contoxir; 
dotted  lines  —  contoxir  calcu¬ 
lated  by  the  theory  of  Grlem, 

Ifolb,  and  Shen. 

ISP-51  spectrograph  with  a  central  camera  (f  =  270  mm).  The  radiation 
entering  the  spectrograph  came  from  an  end  portion  of  the  tube  about 
1  cm  long.  The  radiation  spectrum  was  swept  In  time  by  means  of  a  ro¬ 
tated  disk  with  holes  placed  In  front  of  the  spectrograph  slit.  The 
speed  of  rotation  of  the  disk  was  chosen  such  as  to  prevent  overlap  of 
pictxires  from  neighboring  holes,  and  the  resolution  amounted  to  approx¬ 
imately  25  psec. 

The  time-swept  spectinim  consisted  of  two  clearly  delineated  re¬ 
gions.  The  first  region  with  duration  -100  psec  pertained  to  the  radia¬ 
tion  after  the  first  reflection,  v/hile  the  second  pertained  to  the  ra¬ 
diation  after  the  succeeding  reflections.  The  photoneti^  of  the  Ha  con- 

p 

tour  was  carried  out  In  the  first  region.  Figure  2-a  shov/s  one  of  the 
obtained  contours  of  the  line.  Under  the  conditions  Investigated  by 
us,  the  line  Is  characterized  by  a  considerable  half  width  (ii0-60  A), 
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the  presence  of  an  Intensity  dip  In  the  center  of  the  line,  and  asyn- 
metry.  The  distance  betv/een  the  violet  and  red  maxima  of  the  line 
Increased  In  proportion  to  the  Increase  In  the  half  width. 

In  [3*  4],  In  order  to  determine  the  concentration  of  the  charged 
particles  In  the  plasma  behind  the  shoclc  wave,  the  experimental  con> 
toxors  were  compared  with  the  theoretical  ones,  calculated  from  Holts- 
mark's  theory.  Hov/ever,  as  Is  well  known,  this  theory  Is  Incomplete, 
and  takes  account  of  only  the  statistical  action  of  the  Ions,  neglect¬ 
ing  the  effect  of  electron  Impact  broadening.  In  comparing  the  eiqxerl- 
mental  and  theoretical  contours,  this  has  led  to  the  result  that  the 
contour  of  the  hydrogen  line  fitted  the  Holtsmark  theory  satisfac¬ 
torily  only  In  the  skirt,  while  the  central  part  of  the  line  was  not 
described  by  the  Holtsmark  theory.  As  a  consequence  of  this,  a  discrep¬ 
ancy  arose  In  the  concentration  of  the  charged  particles  determined 
from  the  half  width  and  from  the  contour  of  the  line.  Recently  a  new 
theory  was  published  by  Grlem,  Kblb,  and  Shen  [5]  (G.K.S. )•  These 
authors  calculated  the  distribution  of  the  Intensity  In  the  hydrogen 
lines  with  allowance  for  the  broadening  both  by  the  Ions  and  by  the 
electrons.  Broadening  by  electrons  was  considered  from  the  point  of 
view  of  the  Impact  theory  with  allowance  for  the  transitions  induced 
by  the  electrons  between  the  Stark  components  (v/hlch  split  In  the  field 
E  produced  by  the  ions)  of  each  individual  level.  For  the  ion  field, 
the  Ecker  distribution  function  Is  used,  which  Includes  the  effect  of 
electron  screening  and  lon-lon  correlations.  We  have  compared  experi¬ 
mentally  the  Hp  line  contoxirs  obtained  with  the  GKS  theoretical  con¬ 
tours.  The  results  of  the  comparison  of  one  of  the  contoxirs  of  the 

P 

line  are  shown  In  Fig.  2-a.  From  2-a  we  see  that  the  experimental  con- 
tour  Is  described  quite  satisfactorily  by  the  GKS  theory.  Figure  2-b 
shews  by  way  of  an  example  also  an  experimental  contour  of  the  hy- 
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drogen  line,  obtained  behind  the  shock  v;ave  in  krypton,  and  a  ccnpar- 
ison  is  made  with  the  GKS  theory.  ^The  agreement  betv:een  theory  and  ex¬ 
periment  is  fully  satisfactory. 

Figure  2  shov/s  clearly  that  the  GKS  hydrogen  line  broadening  the¬ 
ory,  In  spite  of  several  simplifying  assumptions  and  approximations, 
describes  the  phenomenon  correctly.  It  must  be  emphasized  here,  how¬ 
ever,  that  for  narrower  hydrogen  lines  the  agreement  between  theory 
and  e:q3erlment  at  the  centers  of  the  lines  Is  less  satisfactory  than 
In  Fig.  2,  owing  to  the  distorting  Influence  of  the  Doppler  effect  and 
of  the  apparatus  function. 


TABLE  1 
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SnapaMcrpu  sproiia  aa  orpaMmiioa 
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It  P 


1,4  3,8  0,3S  12700  490 

13  4,0  0,37  12900  530 

1,7  4,2  0,41  13300  570 

1.3  4,9  0,26  12i)00  640 

1.4  6,6  0,21  12300  870 

1,4  8,5  0,17  122C0  1070 


73  0,26  4,52  14.1  45  80 

84  0,26  4,60  14,4  63  115 

110  0,26  4.78  14,9  65  115 

75  0,45  —  _  41  75 

90  0,45  4,06  12,7  42  75 

U5  0,73  3,32  11,9  54  95 

no  1,16  3.60  11,2  52  96 


1)  High  pressure  (atm);  2)  low  pressure  of 
the  mixture  of  argon  +  2^  hydrogen  (in  mm  Hg); 
3)  velocity  (km/sec);  4)  incident  shockwave; 
5)  Mach  number;  6)  half  width  (in  A); 

7)  field  intensity  Eq  (in  kv/cm);  8)  concen¬ 
tration  cra~3;  9)  parameters  of  ar¬ 

gon  behind  the  reflected  shock  v/ave  (calcu¬ 
lated);  10)  density;  11)  decree  of  ionization 
a^;  12)  temperature  in  (°K);  13)  pressure 

Pj  (in  mm  Hg). 


From  a  comparison  of  the  exoerimental  and  theoretical  contours 

P 

we  determine  the  value  of  the  noncal  Intensity  of  the  intermolecular 
field  Sq,  while  from  the  relation  Eq  =  2.6leM^/^  v/e  determine  the  con- 


centration  of  the  charged  particles  In  the  plasna  behind  the  reflected 
shock  wave.  The  results  obtained  are  listed  In  Table  1.  The  same  table 
shov/s  the  values  of  N.  *  for  argon  behind  the  reflected  shock  wave, 
which  v;e  obtained  by  linear  extrapolation  of  the  Kantrowltz  data  [6]. 
Within' the  limits  of  experimental  accuracy,  the  agreement  between  the 
values  of  N^,  calculated  from  the  line  contour,  and  those  obtained 
from  gasdynamlc  calculations  following  Saha  Is  satisfactory. 

In  Investigations  made  In  krypton  behind  the  incident  shock  wave, 
we  registered  the  lines  H^,  and  H^.  The  line  v/as  observed  up  to 
M  =  11.5  and  after  which,  because  of  the  strong  broadening,  it  merged 
with  the  background.  The  was  not  observed  at  all.  The  and 
lines  were  used  to  determine  the  concentrations  of  the  charged  parti¬ 
cles  in  the  krypton  plasma  behind  the  Incident  shock  vrave  In  a  rela¬ 
tively  broad  range  of  variation  of  the  shock  wave  velocity  (10-15  M). 
The  concentrations  were  obtained  from  and  by  comparli5g  the 
experimental  distribution  of  the  intensity  in  the  line  with  the  dis¬ 
tribution  calculated  by  the  GKS  theory. 

The  results  of  the  determination  of  the  charged  particle  concen¬ 
tration  in  krypton  from  the  and  lines  at  an  initial  pressure  p^^  = 
=  5-2  mra  Hg  are  shown  In  Fig.  3  as  a  function  of  M.  The  solid  curve  1 
in  the  same  figiire  shows  the  theoretical  dependence  of  on  M  for 
pure  krypton  and  for  krypton  with  2.5  and  hydrogen  impurity. 

The  state  of  the  krypton  behind  the  shock  v/ave  was  calculated  on 
the  basis  of  the  laws  of  conservation  of  matter,  momentum,  and  energy, 
and  also  the  equation  of  state  of  the  gas  and  the  Saha  equation,  assum¬ 
ing  single  ionization.  No  account  was  taken  in  the  calculation  of  the 
reduction  in  the  ionization  potential  of  the  krypton.  It  was  assumed 
that  thermodynamic  equilibrium  Is  established  behind  the  shock  wave. 

The  calculations  for  pure  krypton  are  plotted  In  Pigs.  4  and  5. 
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Pig.  3*  Results  of  experimental  determination 

of  the  concentration  of  charged  particles 

from  the  hydrogen  lines  H  and  HoJ 
°  a  p 

Symbols:  f  H  I 

V  with  hydrogen  concentration 
0  j  less  than  1^ 

AH  1 

V  with  more  than  1^  added. 

Solid  zixrves  —  calculated  values:  1)  pure 
krypton;  2)  with  2.5^  Hg  added;  3)  with  4.0^ 

Hg  adc’ed. 


It  is  seen  from  Fig.  4  that  the  temperat\jre  of  the  krypton  plasma 
at  Pj^  =  5.2  na  Hg.  increased  from  2000  to  IJ,  000®K  as  H  increased  from 
5  to  30.  Up  to  f '.  =  9  (T  =  70C0°K)  the  ionization  is  insignificant  (see 
Pig.  5)f  so  tha:  the  plasma  tempera tin-e  is  independent  of  the  Initial 
pressTire  p^.  F'r  M  >  9  the  Ionization  begins  to  play  an  appreciable 
role.  For  sma'l  p^^  (and  consequently  small  Pg),  the  value  of  the  degree 
of  lonizatior  a  is  higher  than  for  large  pressures,  and  therefore  all 
the  T{H)  cui/es  for  small  lie  below  the  curves  for  high  pressures. 

As  M  varief  from  9  to  30,  the  degree  of  Ionization  increases  from  10”^ 
to  0-9,  ^  particularly  sharp  Increase  Is  observed  in  the  H  Interval 
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pig.  4.  Dependence  of  the 
plasma  temperature  behind  the 
shock  wave  front  In  pure  kryp¬ 
ton  on  the  velocity  for  ini¬ 
tial  pressttres  p  =  1.0,  2.0, 
5.2,  7.0,  10.0,  and  15  mm  Hg 
In  .the  low-pressure  chamber. 


from  9  to  15. 

It  must  be  noted  that  In  view  of  the  neglect  of  losses  for  radia¬ 
tion  and  for  secondary  Ionization,  the  results  of  the  calculation 
given  for  M  >  20  must  be  approached  with  caution  (the  temperature,  the 
degree  of  Ionization,  and  the  concentration  of  the  charged  particles 
behind  the  shock  wave  may  be  lower  than  calculated  for  M  values  larger 
than  20). 

Let  us  turn  to  a  discussion  of  Fig.  3- 

As  can  be  seen  from  the  figure,  the  experimental  points  corres¬ 
ponding  to  krypton  with  hydrogen  impurity  less  than  1^‘lle  near  the 
theoretical  curves  with  hydrcsgen  content  of  2.5  and  This  may  be 
due  to  several  factors:  first,  to  the  Insufficient  reliability  with 
which  the  concentration  of  the  hydrogen  in  the  krypton  was  determined, 
second  with  failure  to  take  Into  account  the  various  losses.  Including 
those  for  radiation.  Finally,  a  fact  acting  In  the  same  direction  may 


Pig.  5*  Dependence  of  the  degree 
of  Ionization  the  pressure 

Pg  (mm  Hg),  and  the  density  pg 

(g/cm^)  behind  the  shock  wave 
front  In  pure  krypton  on  the 
velocity.  Symbols:  l)  for  p^^  = 

=  1.0  mm  Hg;;?  2)  for  =  2.0 

Dim  Hgj  3)  5*2  mm  Hgj  4)  7*0 
Iran  Hg;  5)  10.0  mm  Hg;  6)  15.0 
mm  Hg. 

.  be  that,  unlike  the  e:^erlments  ^■/Ith  argons,  the  photographic  plates 
register  In  this  case  the  radiation  from  an  inhomogeneous  probe  In¬ 
tegrated  over  the  time.  liJhlch  of  these  factors  plays  the  decisive  role 
Is  difficult  to  say.  However,  In  one  way  or  another  the  discrepancy  be¬ 
tween  the  theoretical  gasdynamic  data  and  the  experimental  ones  em¬ 
phasizes  the  need  for  checking  the  gasdynamic  calculations  by  experi¬ 
ments. 

In  conclusion,  on  the  basis  of  our  experiment,  we  deem  it  neces¬ 
sary  to  note  that  to  determine  the  concentrations  of  charged  particles 

. . . -  .-a 

In  a  plasma,  in  a  range  from  several  times  10  ^  cm  to  several  times 

10^"^  cm”^,  we  can  recommend  the  use  of  the  H^  line,  and  the  determina¬ 
tion  can  be  carried  out  slmoly  by  using  the  half  width  of  the  Ha  line, 

P 

without  a  detailed  Investigation  of  the  contour.  To  determine  concen- 
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trations  larger  than  1C  ‘  cn  the  line  is  perfectly  suitable.  On 
the  other  hand,  to  determine  concentrations  lov/er  than  10^^  by  means 
of  the  Hjj  line,  it  is  necessary  to  bear  in  mind,  on  the  one  hand,  the 
distorting  action  of  the  Doppler  effect,  v/hlch  is  not  taken  into  ac- 
coxint  in  the  OKS  theory,  and  on  the  other  hand  It  Is  essential  to 
study  the  contour  of  the  line  using  a  spectral  Instnanent  with  large 
dispersion. 
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[Footnote ] 


In  agreement  with  [6],  the  parameters  of  the  argon  behind 
the  reflected  shock  Xirave  are  designated  in  Table  1  by  the 
subscript  5* 
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PYROHETRIC  DIVESTIGATION  OP  A  GAS 
BEHU®  A  SHOCK  WAVE 

Ye.M.  Kudryavtsev,  N.N.  Sobolev,  L.  N.  Tunltskly,  P.S.  Fayzullov 

Moscow 

• 

In  recent  years  the  need  for  solving  the  problem  of  the  motion  of 
bodies  with  hypersonic  velocities.  It  has  become  acutely  necessary  to 
Investigate  both  the  gasdynamlc  phenomena  occvirrlng  at  these  velocities, 
and  the  properties  of  gases  at  high  temperatures  and  the  kinetics  of 
the  processes  occurring  behind  a  shock  v;ave.  In  all  these  Investiga¬ 
tions  It  Is  necessary  to  know  the  parameters  pf  the  gas  characterizing 
Its  state  behind  the  shock  wave.  These  parameters  can  be  calculated  by 
the  methods  of  gasdynamlcs.  However,  the  existing  one-dlmenslonal  the¬ 
ory  Is  rather  approximate.  It  Is  based.  In  addition  to  the  conserva¬ 
tion  laws,  on  a  whole  series  of  Idealizations:  Instantaneous  formation 
of  the  shock  wave  front,  one  dimensionality  of  the  flow,  the  absence 
of  energy  losses  to  viscosity  and  heat  conductivity  (aind.  In  the  case 
of  high  temperatiires,  also  to  radiation),  and  instantaneous  establish¬ 
ment  of  thermodynamic  equilibrium  behind  the  front  of  the  shock  v/ave. 
Only  direct  experiment  will  show  the  extent  to  v;hich  these  idealiza¬ 
tions  are  valid.  If  It  Is  recognized  that  the  temperature  of  the  gas 
behind  the  shock  wave  Is  the  most  sensitive  parameter,  it  becomes  clear 
that  e;<perlment3  must  be  set  up  on  the  measurement  of  the  temperatures 
cind  the  experimental  results  compared  with  theory.  It  v/as  therefore 
decided  to  develop  a  method  for  measuring  temperatures,  to  use  this 
method  for  a  pyrometrlc  Investigation  of  several  gases,  and  to  compare- 
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the  ezperlr.ental  data  vrith  the  theory. 

The  objects  of  the  Investigation  v;er9  nitrogen,  aJr,  argon,  and 
carbon  dioxide,  v/hlch  are  gases  of  greatest  Interest  from  the  prac¬ 
tical  point  of  view. 

The  observations  v;ere  carried  out  both  behind  an  incident  and  be¬ 
hind  a  reflected  shock  wave  In  a  shock  tube  about  5  ni  long  with  Inside 
diameter  92  mm.  The  working  gas  used  v/as  hydrogen  at  a  pressure  from 
20  to  120  atm.  The  Initial  pressure  p^  of  the  investigated  gas  was 
chosen  In  the  range  from  2  to  150  mm  Hg.  Figure  1  shows  schematically 
the  shock  tube  and  the  apparatus  used  in  the  Investigations  (a  detailed 
description  of  the  apparatus  Is  given  in  [1,  2}). 

According  to  the  one-dlmenslonal  gasdynamlc  theory,  the  Instan¬ 
taneous  opening  of  the  diaphragm  gives  rise  to  a  plane  shock  Wave 
which  propagates  over  the  investigated  gas  with  constauit  velocity  U 

8 

and  compresses  and  heats  the  gas  rapidly  (within  a  time  equal  to  sev- 
eral  collisions  between  molecules).  At  the  same  time,  a  region  of  homo¬ 
geneously  heated  gas  is  produced  betv/een  the  front  of  the  shock  wave 
and  the  contact  svirface,  called  a  plug,  the  length  of  ;dilch  Increases 
linearly  with  propagation  of  the  shock  wave.  After  reflection  of  the 
shock  wave  from  the  end  of  the  tube,  the  shock  v/ave  passes  through  the 
plug,  further  compressing  cind  heating  the  investigated  gas  (if  the 
specific  heat  is  constant  we  have  T^  =  2T2,  =  (10-20)P2).* 

To  compare  the  results  of  the  pyrometric  investigation  with  the 

one-dlraensional  theory  It  is  necessary  to  knov/  reliably  the  velocity 

of  shock  wave  propagation  U  In  each  experiment,  to  investigate  the 

s 

distribution  of  shock  wave  velocity  along  the  tube,  and  also  to  deter¬ 
mine  the  length  of  the  homogeneous  flux  (plug).  All  this  information 
concerning  the  shock  wave  and  the  flux  was  obtained  experimentally 

[2,  6]. 
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A,  Jh  A,  A*.  As  At-'^WUL/t, 


,  LaL/^ 


Fig.  1.  Diagram  or  the  apparatus :  D^,  D2>  ...»  % 

Ionization  transmitters.  Setup-  for  Investigations 
with  the  aid  of  the  Schlleren  method:  Lg  —  type 

SVDSh-1000  mercury  lampj  —  condenser  (f  =  50  mm); 
s  —  slit;  L|j  —  objective  of  collimator  (f  =:=  800  mm); 

—  objective  (f  =  800  mm);  —  FEU-19  photomul¬ 
tiplier.  Setup  for  temperature  measurement;  — 
DKSSh-1000  xenon  lamp;  and  Ig  —  objectives  (f  ss 
=  90  mm);  0^^  and  Og  —  windows;  and  Zg  —  mirrors; 
and  Pg  —  FBU-17  photomultipliers.  Appearance  of 

typical  oscillograms  for  the  measurement  of  the 
following;  a)  velocity  of  shock  xvaves;  b)  length 
of  plug  (F  —  front  of  shock  wave,  K  —  start  of  con¬ 
tact  region);  c)  temperature  —  gas  radiation 

flux  in  the  spectral  line,  —  Pj^  —  radiation 

.flux  when  light  from  the  comparTson  source  passes 
through  the  gas).  1)  To  oscillograph;  2)  ISP-31. 


The  velocity  of  the  shock  wave  U„  was  measured  vflth  the  aid  of  a 

s 

series  of  ionization  transmitters  located  along  the  tube.  Figure  1-a 
shows  the  form  of  the  oscillograms  obtained  in  measurements  of  the 
velocity. 

As  the  result  of  the  Investigation  of  the  distribution  of  the 
shock  wave  velocity  along  the  tube,  it  was  established  that  the  fact 
that  the  diaphragm  is  not  instantaneously  opened  causes  the  velocity 
of  the  shock  wave  to  be  variable  and  to  reach  Its  maximum  value  not 
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Imnedlately  but  only  over  a  distance  of  about  2. 5  r.eters  fron  the  dia¬ 
phragm.  The  velocity  of  the  shock  vra.ve  then  gradually  decreases.  This 
maxlmtaa  velocity  remains  less  than  the  theoretical  value  calculated 
for  the  given  pressure  drop  on  the  diaphragm,  owing  to  the  energy  lost 
to  viscosity  and  heat  conduction  during  the  process  of  shock  wave 
formation. 

To  determine  the  length  of  the  plug  v;e  used  a  photoelectric  ver¬ 
sion  of  the  Schlleren  method,  a  diagram  of  which  Is  shown  In  Fig.  1. 

The  same  figure  shows  the  appearance  of  a  typical  oscillogram  (Fig. 
l-b).  This  simple  setup  enables  us  not  only  to  measure  the  length  of 
the  pltig,  but  also  to  Investigate  the  delay  In  the  glow  from  the  In¬ 
dividual  spectral  lines  relative  to  the  front  of  the  shock  wave,  and 
to  carry  out  control  experiments  of  the  shock  wave  velocity  [2]. 

A  study  of  the  flux  v/lth  the  aid  of  the  photoelectric  Schlleren 
method  has  shown  that  no  contact  surface  separating  the  working  and 
the  Investigated  gases  exists  as  such,  but  a  rather  extensive  contact 
region  Is  observed,  which  does  not  alivays  have  a  clear-cut  beginning. 

As  a  result  of  this,  the  length  of  the  plug  reaches  only  approximately 
half  the  theoretical  value.  It  was  also  shovm  with  the  aid  of  the 
Schlleren  method  that  the  glow  of  the  sodium  D  line  begins  directly  In 
the  front  of  the  shock  wave  cind  reaches  a  maximum  after  10-20  p.sec. 

Pyromatrlc  Investigations  of  the  gas  behind,  the  shock  wave  were 
carried  out  with  the  aid  of  a  photoelectric  generalized  method  for  the 
inversion  of  spectral  lines  which  v;e  have  developed  [2,  5].  The  gist 
of  the  method  Is  to  register  simultaneously  the  absorption  and  emission 
Intensities  in  the  spectral  line.  The  use  of  a  tv;o-channel  optical  sys¬ 
tem  with  two  photomultipliers  auid  a  double  beam  pulsed  oscillograph 
makes  It  possible  to  register  sLmultaneously  the  gas  radiation  fliix 
^kh  flux  ~  Fjjjj  of  the  radiation  produced  v/hen  the  light 
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fron  the  conparlson  source  passes  through  the  cas.  A  typical  osclllo- 
gran  is  shown  In  Fig.  1-c.  Here 

.!•.  --  aC,>.  »exp  (-  Cj'/.r.)«.{<///)*sh 

and 

=  (—Cj/>.rj)6i (<///) *sK 

where  o\  la  the  width  of  the  spectral  line,  a  the  absorption  ability 
In  the  line  (the  line  shape  Is  assumed  rectangular),  d/f  Is  the  rela¬ 
tive  apertxire  of  the  camera  objective,  s  and  h  are  the  width  and  height 
of  the  exit  silt  of  the  monochromator,  emd  Cg  are  the  radiation  con¬ 
stants,  Tjjjj  Is  the  true  gas  temperatxire,  and  the  brightness  ten^jera- 
ture  of  the  comparison  source. 


Fig.  2.  Temperature  distribution  along 
the  plug  for  the  case  of  nitrogen  (Pj^  = 

=  10  mm  Hg).  Continuous  curve  —  tempera¬ 
ture  calculated  with  allovrance  for  the 
variation  of  the  shock  vrave  velocity 
along  the  tube.  Dots  —  experimental  data: 
o  —  obtained  from  sodium  D  lines,  +  — 
from  barium  line.  Each  point  Is  an  av¬ 
erage  of  six  experiments  (TJ.  =3*1^ 

s 

km/sec).  Data  on  the  length  of  the  plug 
were  obtained  with  the  aid  of  the 
Schlleren  method.  1)  Plug;  2)  start  of 
contact  region;  3)  theoretical  plug;  4) 
psec. 

From  the  relations  given  It  Is  clear  that  by  using  Wien's  fonmila 
and  Kirchhoff's  law  and  knowing  the  brightness  temperature  of  the  com- 


parlson  source  It  Is  possible  to  deterralne  the  true  eas  tenperature 
from  the  ratio  of  these  tv/o  measured  fluxes: 


A  pyrometrlo  Investigation  of  the  gas  behind  the  front  of  the 
shock  wave  [3/4,  6]  has  shown  that  there  exists  a  definite  correlation 
between  the  temper  attire  distribution  over  the  plug  and  the  distribu¬ 
tion  of  the  shock  wave  velocity  along  the  tube.  The  presence  of  such  a 
correlation  la  Illustrated  by  Pig.  2.  The  experimental  data  are  repre¬ 
sented  by  points.  Each  point  Is  the  average  of  six  eiqperlments  (p^^  » 

=  10  mm  Hg,  nitrogen;  =  3*14  km/sec).  Curve  represents  the  tempera- 
ture  distribution  calculated  with  allowance  for  the  variation  of  the 
shock  wave  velocity  along  the  tube.  It  Is  seen  from  the  same  figure 
that  the  temperatiires  measured  from  the  Nal  and  Ball  lines  agreed  with 
each  other,  within  the  limits  of  experimental  error,  thus  confirming 
further  the  existence  of  thermodynamic  equilibrium  in  the  nitrogen  and 
air  behind  the  shock  wave. 

The  results  of  the  measurement  of  the  air  and  nitrogen  temperature 
behind  the  shock  wave  over  a  wide  range  of  initial  pressures  (p^  =  2-50 
mm  Hg)  and  Mach  numbers  (M  =  6-12)  Is  in  good  agreement  with  the  data 
of  the  theoretical  calculations,  thus  indicating  the  correctness  of 
the  theory  (Figs.  3  and  4). 

In  experiments  with  air  xinder  certain  conditions  (p^^  =  50  mm  Hg 

and  U  =  1. 9-2.3  km/sec)  one  observes  in  the  contact  region  tempera- 

s 

tures  that  greatly  exceed  the  temperature  of  the  plug.  This  temperature 
rise  is  due  to  the  combustion  of  the  hydrogen  in  the  mixing  zone. 

At  small  Initial  nitrogen  pressures  and  low  temperattiras  (pj^  =  10 
nan  Hg,  Tg  =  2000-2500°K) ,  immediately  behind  the  front  of  the  shock 
wave,  during  10-30  psec,  one  observes  a  low  temperature  which  may  be 


^  a 
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connected  with  the  delay  In  the  establlshnent  of  the  equlllbriura  over 
the  vibrational  degrees  of  freedom  of  the  Mg  molecule,  since  the  meas¬ 
ured  excitation  temperature  is  more  readily  determined  by  the  effective 
vibrational  temperat\ire  than  by  the  translational  one. 


Pig-  3-  Dependence  of  the  temperature 
of  the  air  behind  the  shock  wave  on 
the  velocity  of  the  shock  wave. 

Curves  —  calculation  for  =  293°K. 

Points  —  experiment;  o)  Pj,  =  10  mm  Hg; 

®)  p^  =  2  mm  Hg.  l)  Ideal  gas;  2) 

atmospheres;  3)  km/sec. 

In  pyrometrlc  Investigations  of  argon  [3/^]  It  was  established 
that  the  measured  barlxan  ion  excitation  temperatures  at  plug  pressures 
-0.4  and  4  atm  are,  respectively,  1000°  emd  400°  lower  than  the  equi¬ 
librium  value  (Fig.  5);  with  increasing  pressure,  the  measured  tempera¬ 
tures  approach  the  equilibrium  temperature  and  coincide  with  it  at 
pressures  Pg  -  12  atm.  The  observed  disparity  la  obviously  connected 
with  the  fact  that  the  efficiency  of  the  collisions  between  the  barium 


Fig.  4.  Dependence  of  the  temperature 
of  nitrogen  behind  the  shock  wave  on 
the  shock  wave  velocity.  Cxirves  — 
calculation  for  =  293°K.  Points  — 

experiment:  •  —  p^^  =  10  mm  Hg;  A) 

Pj^  =  50  ran  Hg.  1)  Ideal  gas;  2)  at¬ 
mospheres;  3)  km/sec;  4)  without 
dissociation. 


and  argon  Ions  Is  in  this  case  insufficient  to  maintain  an  equilibrium 
population  of  the  excited  state  of  the  barium  ion,  l.e.,  with  the  ab¬ 
sence  of  radiation  eqialllbrlum.  The  effective  cross  section  of  Impacts 
of  the  second  kind  between  the  excited  ions  of  barliim  and  the  airgon 
atoms  was  estimated  on  the  basis  of  experimental  data  to  be  ~4  x  10”^"^ 
cm^. 

The  results  of  a  pyrometrlc  investigation  of  the  state  of  air, 
nitrogen,  and  COg  behind  a  reflected  shock  wave  are  given  for  Fig.  6. 
The  measurements  were  carried  out  at  10  mm  from  the  end.  Temperatures 
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above  5CCC°K  were  measured  v/ith  a  DKSSh-lCCC  lamp,  through  which  a 
shaping  line  (five  capacitors  each  ICC  pf  at  U  =  ACO  v)  v;as  discharged 
at  the  required  instant  of  time  so  as  to  guarantee  the  production  of  a 
rectangular  light  pulse  with  duration  of  about  250  psec  and  a  brl^t- 
ness  temperature  -11,C00°K. 


Fig.  5*  Dependence  of  the  tem¬ 
perature  of  argon  behind  a  shock 
wave  on  the  shock  wave  velocity. 

CiiTve  —  calculation,  point  —  ex¬ 
periment.  Values  of  pressure  p^^ 

(in  mm  Hg):  o)  5,  o)  50;  •)  150. 
l)  taVsec. 

The  measured  temperatxires  T^  are  in  agreement  with  the  theoretical 
values  if  they  are  referred  to  the  maximum  velocity  U^.  The  bars  dravm 
through  each  point  correspond  to  the  changes  in  the  gas  temperature 
after  a  time  of  45-50  psec.  These  changes  are  in  the  main  random. 

In  the  case  of  nitrogen  at  temperatures  up  to  6500°K  one  observes 
In  all  experiments  an  increase  in  temperat\are  directly  behind  the 
shock  wave  front,  gradually  decreasing  to  the  equilibrium  value.  The 
fall-off  time  amounts  to  about  4o  psec  at  T^  =  5000°K  and  about  ^  psec 


Pig.  6.  Dependence  of  the  temperature  of 
nitrogen,  air,  and  COg  behind  a  reflected 

shock  wave  on  the  shock  wave  velocity. 

Cvirves  —  calculation.*  (Dashed  —  extrap¬ 
olation.)  Points  —  experiment.**  1)  Nit¬ 
rogen;  2)  mm  Hg;  3)  air;  4)  ktn/sec. 

at  =  6000®K.  This  effect  Is  apparently  connected  with  the  dissocia¬ 
tion  relaxation  In  the  nitrogen. 

We  have  Investigated  the  temperature  variation  behind  the  reflected 
shock  wave  In  nitrogen  with  increasing  distance  from  the  end.  It  was 
established  that  the  temperature  decreases  gradually  with  Increasing 
distance  from  the  end-  If  =  6900°K  at  a  distance  of  10  mra  from  the 
end,  then  at  a  distance  of  60  mm  7^  =  6lC0°K  (i.e.,  a  drop  of  800°). 

The  temperature  drop  may  be  due  to  the  fact  that  the  temperature  Is 
not  constant  along  the  plug  behind  the  Incident  shock  wave. 

In  pyrometric  investigations  of  argon  behind  a  reflected  shock 
wave  It  was  established  that  the  measured  barium  Ion  excitation  tera- 
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perature  (at  =  50  mm  HS)  Is  approximately  1CCC°  lovier  than  the  cal¬ 
culated  value.  At  present  v;e  are  unable  to  present  a  sufficiently  re¬ 
liable  explanation  for  this  discrepancy  betv/een  the  theoretical  and 
experimental  data. 

In  conclusion  it  must  be  noted  that  the  method  developed  for  tem¬ 
pera  tiore  measurement  can  be  used  successfully  for  the  following:  • 

a)  Investigations  of  flow  under  modes  when  the  gasdynamlc  calcu¬ 
lation  cannot  be  carried  out  with  sufficient  reliability; 

b)  a  study  of  relaxation  phenomena  of  vibration  and  dissociation 
of  molecules; 

c)  an  estimate  or  determination  of  the  effective  cross  sections 
of  Impact  of  the  second  kind,  and 

d)  an  Investigation  of  the  state  of  the  reaction  products  In  the 
study  of  explosion  and  combustion  in  gases. 
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[Footnotes] 

Tg,  Pg,  T^,  Pj  are  the  gas  tenperatures  and  pressures  behind 
the  Incident  and  reflected  shock  waves,  respectively. 

Cie  calculated  values  of  the  nitrogen  and  COg  parameters  be> 

hind  the  reflected  shock  viaves  v;ere  graciously  furnished  by 
T.V.  Bazhenova  and  S.G.  Zaytsev. 

The  question  of  which  value  of  U„,  the  maximum  or  extrapolated 

to  the  end,  should  be  used  to  calculate  Is  discussed  in 

detail,  with  use  of  new  data,  .In  o\ir  paper  "Pyrometrlc  Hives- 
tigatlon  of  Gases  Behind  a  Reflected  Shock  Wave,”  Trudy  PIAN, 

xvni. 

[List  of  Transliterated  Symbols] 


JI  3  0  -  datchlk  =  transmitter,  sensor 
X  »  kh 
ji  =■  1 
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MGMETIC  COMPRESSION  OP  PLASMA 

I.M.  Zolototrubov,  Yu.M.  Novikov,  N.M.  Ryzhov, 

I.P.  Skobllk,  V.T.  Tolok 
Khar'kov 

The  use  of  time -varying  magnetic  fields  for  purposes  of  heating 
the  plasma  is  based  on  the  adiabatic  invariance  of  the  magnetic  moment 
of  the  charged  particle.  When  the  magnetic  field  variation  is  stiffl- 
clently  small  compared  with  the  Larmor  period,  the  quantity  p.  =  mvf/2H 
remains  constant,  and  this  leads  to  a  change  in  the  particle  energy 
connected  with  the  velocity  component  perpendicular  to  the  magnetic 
field.  The  final  energy  of  the  particle  is  determined  in  this  case 
only  by  the  initial  energy  and  the  ratio  of  the  field  at  the  end  and 
at  the  start  of  the  compression  cycle 

In  experiments  on  the  heating  of  a  plasma  by  magnetic  compression, 
an  axial  magnetic  field  that  increases  with  time  was  used,  along  with 
mirrors  on  the  ends.  Prom  the  point  of  view  of  the  attainable  limiting 
energy  of  the  charged  particles,  the  rate  of  variation  of  the  magnetic 
field  does  not  exert  any  influence  whatever.  Hovrever,  in  a  system  with 
magnetic  mirrors,  an  essential  parameter  is  the  time  of  plasma  confine¬ 
ment,  which  for  deuterons  is  defined  in  such  systems  [1]  as 

t  =  2.6*10^®-w3/Vn  sec, 

where  W  is  the  energy  in  klloelectron  volts,  n  is  the  particle  density. 

At  small  values  of  the  Initial  energy,  the  confinement  time  is 
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s.Tiall,  and  therefore  the  compression  process  should  be  carried  out  suf¬ 
ficiently  rapidly  so  as  to  force  a  ncre  vigorous  departure  of  the  Ions 
from  the  trap  at  the  start  of  the  compression.  This  can  be  attained 
either  1)  by  using  for  compression  purposes  rapidly  varying  magnetic 
fields  of  large  amplitude,  v/hlch  simultaneously  Ionize  the  neutral  gas 
by  Inducing  an  eddy  emf  and  compressing  the  plasma  obtained  In  this 
manner,  or  2)  by  separating  these* functions  of  the  magnetic  field;  a 
rapidly  varying  magnetic  field  Is  used  for  Ionization  and  preliminary 
heating,  while  the  compression  Is  effected  by  a  slower  field.  Hie  sec¬ 
ond  method  Is  more  usable,  for  In  this  case  the  requirements  Imposed 
on  the  capacitor  bank  which  stores  the  energy  for  the  magnetic  compres¬ 
sion  and  Imposed  on  the  discharge  \inits  used  for  the  switching  are 
less  stringent  than  In  the  former  case.  Experiments  of  the  former  type 
are  described  in  [2]  and  those  of  the  latter  type  In  [3,  4). 


s 


Fig.  1.  l)  Discharge  tube;  2) 
compressing  field  coll;  3)  coll 
for  excitation  of  shock  waves. 

In  both  experiments  departure  of  neutrons  was  observed  near  the 
point  of  maximum  compression  aind  soft  x-rays  v;ere  produced,  thus  evi¬ 
dencing  the  high  degree  of  heating  of  the  plasma.  It  was  pointed  out 
by  Kolb  [3],  In  particular,  that  the  heated  plasma  In  such  systems  Is 
stable.  It  was  shown,  however.  In  [5]  with  the  aid  of  streak  photo¬ 
graphs  that  durlTig  the  stage  of  maximum  compression  the  state  of  the 
plasma  Is  unstable.  Powerful  hydromagnetlc  oscillations  observed  In 
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the  region  of  naxlmura  conpresslon  are  described  In  [6J,  and  these  also 
Indicate  Instability  In  discharges  of  this  type. 

In  the  present  paper  vie  describe  an  experiment  on  the  compression 
of  a  previously  heated  plasma  by  means  of  a  relatively  slow  magnetic 
field. 

The  principal  diagram  of  the  ejqjerlmental  setup  Is  shown  in  Fig.  1. 
The  Ionization  and  preliminary  heating  of  the  plasma  were  produced  by 
shock  waves  excited  by  a  single  turn  coll  placed  in  tandem  with  the 
main  field  coll.  A  capacitor  of  6.3  tif«  charged  to  30  lev,  was  dis¬ 
charged  Into  this  coll.  Hhs  discharge  period  \ia.3  6  psec.  The  maximum 
value  of  the  magnetic  field  Intensity  under  the  coll  was  60  kllooersted. 

The  main  field  with  Intensity  up  to  85  kllooersted  was  produced 
by  a  coll  consisting  of  15  turns  of  copper  bus  of  rectangular  cross 
section  potted  In  epoxy  resin.  Di  the  center  of  the  coll,  between  the 
turns,  a  transverse  slot  was  left  to  photograph  the  discharge.  The  In¬ 
side  diameter  of  the  coil  was  4  cm  and  the  total  length  11  cm.  The  mir¬ 
ror  ratio  on  the  axis,  obtained  by  changing  the  pitch  of  the  winding, 
was  1.2. 

The  Inductance  of  such  a  coil,  Lj^,  is  much  larger  than  the  para¬ 
sitic  inductance  of  the  discharge  circuit  Lp,  and  consequently  the  co¬ 
efficient  of  utilization  of  the  energy  stored  in  the  capacitor,  k  = 

The  interconnection  between  the  capacitors  and  the  supply  of  en¬ 
ergy  to  the  coll  were  effected  by  means  of  wide  copper  buses  with  or- 

A 

ganlc  glass  liners  between  them.  In  order  not  to  disturb  the  plane- 
parallel  geometry  of  the  system,  the  discharge  gap  was  made  In  the  form 
of  a  break  In  the  transmission  line  with  an  Igniting  unit.  The  same 
method  was  used  for  the  connection  and  discharging  of  the  capacltbrs 
producing  the  shock  waves. 


c 


The  discharge  tube  vra.s  nada  of  quartz  v;ith  inside  dianeter  3  cm 

and  1  nieter  length.  A  deuteriioa  stream  was  established  in  the  tube  at 

a  specified  pressure  through  a  palladium  leak  valve.  During  the  course 
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of  operation,  the  pressure  varied  betiveen  10  and  5*10  mm  Hg. 


Pig.  2 


Figure  2  shOMS  a  streak  photograph  of  the  propagation  of  shock 
waves  along  the  axis  of  the  discharge  tube.  The  main  coil  was  removed 
in  this  case,  to  the  first  half  cycle  the  velocity  of  the  wave  Is  low, 
but  with  increasing  development  of  the  discharge,  the  velocity  of  prop¬ 
agation  also  Increases,  and  on  the  portion  of  the  path  where  the  gas 
was  ionized  by  the  wave  of  the  preceding  half  cycle,  the  velocity  of 
the  wave  ims  approximately  5-6  times  larger  than  on  the  portion  vrtiere 
the  gas  was  not  yet  ionized.  With  decreasing  amplitude  of  the  magnetic 
field,  the  velocity  of  the  wave  tends  to  a  certain  constemt  limit.  For 
a  shock  wave  this  limit  is  a  sound  wave,  the  velocity  of  which  is  con¬ 
nected  with  the  temperature  by  the  following  relation: 


where  y  =  Cp/C^,  fc  is  Boltzmann's  constant,  T  la  the  temperature  in  °K, 
and  M  is  the  mass  of  the  molecule. 

The  plasma  temperature  as  estimated  from  this  formula  is  about  1  ev. 

The  main  compressing  field  ’.■ras  turned  on  later  than  the  field  pro¬ 
ducing  the  prellminctry  ionization,  and  the  Instant  of  its  application 
was  varied  by  changing  the  delay. 

Figure  3  shows  oscillograms  of  the  magnetic  field  and  of  the  x-ray 
pulses.  The  Instant  of  appearance  of  the  radiation  pulse  depends  to  a 
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great  degree  on  the  delay  tine.  In  the  oscillogran  of  Fig.  3-^»  the 
first  pulse  appears  during  the  second  half  cycle  of  the  main  magnetic 


field. 


The  delay  chosen  In  this  manner  Is  optimal,  since  v;hen  It  Is  var¬ 
ied  in  one  direction  or  another  the  radiation  pulses  appear  later.  The 
optimum  delay  corresponds  to  turning  on  the  main  field  dxirlng  the  sixth 

half  cycle  of  the  preliminary  Ionization  field. 


From  the  strealc  photograph  of  Fig.  2  It  Is  seen 
that  by  that  Instant  of  time  the  state  estab¬ 
lished  in  the  tube  Is  characterized  by  a  constant 
velocity  of  the  propagation  of  the  waves  excited 
r-by  the  single  turn  coll. 


•  ia  ta  ta  le  too  ttKcco 
Pig.  3*  1)  jisec. 


Turning  on  the  main  coll  during  the  time  in¬ 


terval  between  the  sixth  and  tenth  half  cycles  is  unavoidably  accom¬ 
panied  by  the  appearance  of  a  pulse  In  the  second  half  cycle  of  the 
compressing  field,  but  Its  amplitude  decreases  from  the  start  toward 
the  end  of  this  Interval. 

Figure  3-c  shows  an  oscillogram  of  the  radiation  pulse  In  the  case 
of  a  very  large  delay;  this  oscillogram  is  analogous  to  the  oscillo¬ 
grams  obtained  In  the  absence  of  preliminary  ionization.  In  this  case 
the  pulse  appears  in  the  fifth  or  sixth  half  cycle. 

In  addition  to  the  main  pulse,  we  see  on  the  oscillograms  pulses 
of  small  magnitude,  appeoiring  one  or  tv/o  half  cycles  later.  The  ab¬ 
sence  of  pulses  In  the  third  and  succeeding  half  cycles  (Fig.  3-b)  is 
not  connected  with  the  damping  of  the  magnetic  field,  for  otherwise  it 
would  be  impossible  for  them  to  appear  In  later  Instants  of  time.  In 
all  probability  the  compression  of  the  plasma  by  the  main  field  leads 
to  the  appearance  of  instabilities  and  of  x-i*ay  pulses  associated  with 
then.  The  character  of  the  instabilities  that  develop  In  such  a  system 
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is  shown  on  the  streak  photograph  of  Fig.  4.  This  photograph  has  teen 
plotted  for  argon  at  a  presstire  of  0.1  mm  Hg. 


Fig.  4 


To  determine  the  dimensions  of  the  region  of  emission  of  radiation, 
photographic  film  was  located  ixnder  the  coil  along  the  axis  of  the  dis¬ 
charge  tube.  The  blackening  of  the  film  was  local  in  character,  l.e., 
it  had  the  form  of  individual  dark  spots,  which  were  randomly  scattered 
in  the  region  from  the  center  of  the  coil  to  the  edge  on  the  side  oppo¬ 
site  the  turn  exciting  the  shock  waves.  This  character  of  film  blacken¬ 
ing  agrees  with  the  Instabilities  observed  with  the  aid  of  the  streak 
photography,  which  lead  to  the  ejection  of  plasma  on  the  wall  of  the 

discharge  tube.  The  y  radiation  energy,  estimated -from  its  absorption 

« 

in  aluminum,  is  50  kev. 

Thus,  it  follows  from  the  results  of  the  experiment  that  In  a  sys¬ 
tem  comprising  a  trap  with  time-varying  magnetic  field,  instabilities 
may  arise. 
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.  NEW  DATA  ON  THE  INFLUENCE  OF  A  MAGNETIC  FIELD 
ON  THE  DEPARTURE  OP  IONS  FROM  THE  PLASMA  OP  INERT  GASES 


I. A.  Vasil' ye va,  V.L.  Granovskiy 
Moscow 


1.  INTRODUCTION  AND  FORMULATION  OP  THE  PROBLEM 

The  theory  of  the  diffusion  of  charged  particles  in  a  magnetic 
field.  In  which  only  paired  collisions  In  a  weakly  Ionized  gas  aire 
taken  Into  account  [1],  leads  to  the  following  dependence  of  the  par¬ 
ticle  diffusion  coefficient 'D  on  the  magnetic  field; 


D(B) 


D(o) _ m 
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where  u  =  eB/mc^,  Cq  =  3*10^®  cm/sec,  and  x  is  the  transit  time  of  the 
particle. 

The  dependence  of  the  coefficient  of  ambipolar  diffusion  (D_)  on 
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the  magnetic  field  has  the  form 
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An  experimental  check  has  shovm  that  these  dependences  are  not 
always  confirmed  [2-6].  However,  the  experiments  were  carried  out 
either  In  the  presence  of  complications,  such  as  conducting  v;alls,  or 
else  by  indirect  methods.  It  is  desirable  to  ascertain  the  following 
by  means  of  a  direct  method  readily  amenable  to  interpretation:  1)  to 
what  extent  does  a  magnetic  field  weaken  the  departure  of  charge  cair- 
rlers  in  a  direction  perpendicular  to  the  magnetic  field;  2)  v/hat  Is 
the  character  of  the  carrier  diffusion  in  the  presence  of  a  magnetic 


field  (tcund  or  Independent  diffusion);  3)  v/hat  factors  give  rise  to 
ancnalies  in  the  dependence  of  the  rate  of  carrier  departure  from  the 
magnetic  field. 


2.  METHOD  op' DIVZSTIGATIOH  AND  CONDITIOIIS  OP  THE  EXPERIMENTS 

■  The  departure  of  ions  from  a  plasma  is  characterized  by  the  den¬ 
sity  of  the  Ion  current  on  the  tube  wall  The  coefficient  diffu- 

pw 

sion  or  the  coefficient  of  carrier  departure  (D)  is  determined  from 
the  relation 


(3) 


where  Pp  is  the  charge  density  of  the  positive  ions  near  the  walls  [7l» 
The  experimental  glass  tubes  contained  an  indirectly  heated  oxide 
cathode  and  a  cone-shaped  anode.  The  current  of  the  ions  on  the  wall 
was  determined  by  means  of  a  flat  wall  probe  in  the  form  of  a  disk 
with  guard  ring.  To  determine  dp^/dr,  a  cylindrical  probe  was  used, 
which  was  moved  along  the  section  of  the  tube  with  the  aid  of  a  ground- 
glass  stopper.  The  charge  density  of  the  positive  ions  in  each  probe 
position  was  determined  from  the  ionic  parts  of  the  probe  characteris¬ 
tics. 


In  the  two  tube  versions,  the  cathode  was  located  either  inside  or 
outside  the  magnetic  field. 

The  investigations  viere  carried  out  in  helium  cuid  argon  at  pres¬ 
sures  from  5*10”^  to  1.1  mm  Hg,  in  a  magnetic  field  range  from  0  to 
26C0  gauss,  and  at  tube  ciirrents  from  0.03  to  1  amp. 

3.  RESULTS  OF  THE  Un/ESTIGATION 

I.  Figure  1  shows  the  dependence  of  the  relative  value  of  the  de¬ 


parture  coefficient  D  on  the  magnetic  field.  The  parameter  of  the 
curves  is  the  gas  pressure  £.  It  is  clear  from  the  figure  that  the 
smaller  the  pressure,  the  steeper  the  decrease  in  D  under  the  Influence 


of  the  nagnetlc  field.  At  the  Icv/est  pressures  one  can  note  deviations 
from  a  racnotonlc  decrease. 


Ihe  steepness  of  the  decrease  can  be  characterized  by  a  nagnetlc 
field  In  which  D  Is  decreased  to  one  half  Its  value 
seen  from  Fig.  2,  the  dependence  of  the  experimental  values  of 
the  pressure  la  close  to  linear  (the  scale  of  the  drawing  is  bUoga- 
rlthmlc  and  the  line  Is  Inclined  at  43^).  This  Is  In  agreement  with 
Formulas  (1)  and  (2).  ^ 

Zn  Fig.  3  one  of  the  e:Q3erljnental  D(B)  curves  Is  con^ared  with 
the  calculated  curves.  The  calculation  Is  based  on  Formula  (1)  In  the 

case  of  Independent  diffusion  of  the  ions 
and  electrons  (dashed  curves)^  and  For¬ 
mula  (2)  In  the  case  of  amblpolar  diffu¬ 
sion  (thin  solid  curve).  It  Is  seen  from 
the  figure  that  the  curve  closest  to  the 
experimental  one  Is  that  conrespondlng  to 
amblpolar  diffusion. 

Thus,  In  the  region  of  monotonlc  de¬ 
crease,  the  dependence  D(B)  ttirns  out  to 
be  quadratic  and  the  diffusion  Is  amblpolar  In  character. 

II.  To  Investigate  the  deviations  from  the  monotonlc  decresise  of 
D(B),  It  vrais  necessary  to  expand  the  range  of  magnetic  fields  and  to 
Improve  the  experimental  tubes. 

Let  us  consider  the  results  of  the  measurements  In  tubes  with  the 
cathode  located  outside  the  magnetic  field. 

Figure  4  shows  the  dependence  of  the  density  of  the  Ion  current 
in  the  wall  on  the  magnetic  field.  The  parameter  of  the  curves  will 
from  now  on  be  the  cvu’rent  strength.  It  Is  seen  from  Fig.  4  that  at 
helium  pressiire  of  0.055  rm  Hg  the  current  on  the  v;all  decreases  nono- 


Flg.  1.  1)  mm  Hg;  2) 
gauss. 


tonlcally  to  a  magnetic  field  value  =  400  gauss,  after  which  it 
increases  and  passes  through  a  maximum  for  all  the  currents  investi¬ 
gated  in  the  tube.  Figure  5  is  a  plot  of  the  anode  current  noise  amp¬ 
litude  (I-)  as  a  function  of  the  magnetic  field.  It  is  seen  from  the 
figure  that  in  a  magnetic  field  —  ^00  gauss,  the  cxirrent  noise 
Increases,  and  then  passes  through  a  maximum. 


V* 


Plsure  6  pertains  to  a  pressure  of  C.p  nn  H-j.  It  Is  seen  frcn  Fie. 
6  that  the  Jp^(B)  curves  for  different  currents  In  the  tube  coincide 
up  to  fields  of  1200  gauss,  after  v/hich  they  diverge  and  a  deviation 
from  monotonlc  decrease  appears.  Flgiore  7  shows  that  at  this  value  of 
the  magnetic  field  B  =  noise  oscillations  (continuous  curves) 

arise,  idiich  then  grov/.  The  dashed  curve  of,  the  same  figure  represents 
the  dependence  on  the  magnetic  field  of  the  amplitude  of  the  striatlons 

exist  at  a  current  of  1  amp  and  B  <  500 
gauss.  In  such  magnetic  fields,  the  de¬ 
parture  of  the  ions  changes  with  increas¬ 
ing  B  in  similar  fashion  for  all  anode 
ctirrents,  and  this  change  is  fiu?thermore 
monotonlc  (see  Fig.  6).  This  means  that 
the  striatlons  exert  no  appreciable  in¬ 
fluence  on  the  departure  of  the  carriers. 

Thus,  in  tubes  where  the  cathode  is 
located  outside  the  H  field,  the  appear- 
of  depends  on  the  pressure,  is  con¬ 

nected  with  the  Increase  in  the  noise  oscillation  amplitude,  and  is  in¬ 
dependent  of  the  current  strength  and  of  the  presence  of  striatlons. 

These  experimental  facts  are  in  qualitative  agreement  with  the 
theory  that  predicts  the  appearance  of  anomalies  in  the  rate  of  depar¬ 
ture  of  the  currents  starting  with  a  certain  B  = 

The  curves  of  Fig.  8  have  been  obtained  in  a  tube  with  cathode 
located  inside  the  magrietlc  field  (helliara  pressure  0.5  nim  Hg).  It  is 
seen  from  the  figure  that  deviation  from  a  monotonlc  decrease  occur 
the  earlier  and  are  the  more  brightly  pronounced,  the  larger  the  cur¬ 
rent  in  the  tube.  The  dashed  ciirve  in  the  same  figure  shows  in  arbit¬ 
rary  tinits  the  amplitude  of  the  noise  oscillations,  referred  to  a  cur- 
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with  frequency  40  kcs,  vdil< 


ance  of  anomalies  (the  vali 


rent  of  1  ar.p.  The  nolce  Increase  In  the  sane  nagnetlc  field.  In  v.iiich 
D(3)  starts  increaslns  at  a  current  of  1  amp. 

Consequently,  In  tubes  where  the  cathode  is  located  In  the  aiag- 
netlc  field,  depends  on  the  current  and  is  related  to  the  in¬ 

crease  In  the  noise  amplitude  of  the  anode  current  in  the  same  v/ay  as 
In  the  case  v/hen  the  cathode  is  outside  the  H  field. 

III.  To  ejq}laln  the  large  rate  of  departure  of  the  ions  perpen¬ 
dicular  to  the  K  field,  Simon  [6]  advanced  the  hypothesis  of  "short 
circuiting"  of  the  plasma  by  the  conducting  end  vmills  of  the  tube,  in 
connection  v/ith  the  anisotropy  of  the  plasma  conductivity  in  a  strong 
H  field.  To  verify  this  hypothesis,  lire  Investigated  the  effect  pro¬ 
duced  on  the  departure  of  carriers  from  a  plasma  by  inserting  a  metal 
wall  in  the  end  part  of  the  tube. 

The  measurements  were  carried  out  by  the  method  described  above, 

•  but  were  repeated  twice  for  the  positions  of  the  vmill  i5erpendloular  to 
the  magnetic  field.  The  vrall  could  be  displaced  vflth  the  aid  of  a 
ground-glass  stopper;  in  one  position  it  vfas  placed  on  the  same  force 
lines  of  the  magnetic  field,  v/here  the  measiirlng  probes  were  located, 
and  in  the  other  position  it  was  moved  away  to  the  side.  The  ejqjeri- 
nents  were  repeated  many  times  in  helium  at  p  =  0.08  mm  Hg  and  B  =  2500 
gauss  (tJgTg  =  ^50)  and  in  argon  at  p  =  5*10“^  mm  Hg  and  at  the  same 
value  of  B  “  3*10^).  The  ion  and  electron  currents  on  the  v/all 

were  constant  in  this  case,  within  the  experimental  accuracy  (1-2^). 

The  coefficient  of  departure  v;as  also  practically  constant  as  the 
rsetallic  ;vall  was  displaced.  Tills  means  that  Simon’s  hypothesis  does 
not  e:q)laln  under  the  conditions  of  our  experiments  the  existence  of 
ancmalles  in  the  dependence  of  the  departxu'e  of  the  ions  from  the 
plasma  in  a  magnetic  field. 
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COI.CLOSIONS 

1.  The  diffusion  of  ions  and  electrons  from  a  plasma  corresponds 
to  the  theory  of  pair  collisions  and  is  ambipolar  up  to  B  = 

2.  V/hen  B  >  einonalles  are  observed  in  the  D(B)  and  Jp^(B) 

dependences. 

■  3-  The  value  of  Increases  with  increasing  pressure  and  "de¬ 

pends  on  the  position  of  the  cathode  relative  to  the  region  where  the 
mgnetic  field  is  effective. 

4.  The  apijearance  of  anomalies  In  the  D(B)  and  J_„(B)  dependences 

pvf 

Is  connected  with  the  appearance  of  random  electric  oscillations  In 
the  plasma.  Strlations  do  not  Influence  D(B)  and  J_„(B). 

pw 

5.  The  Influence  of  different  factors  on  the  appearance  of  anoma¬ 
lies  at  B  =  agrees  v/lth  the  theory  of  B.B.  Kadomtsev  and  A.V. 

Kedospasov. 

6.  The  hypothetical  effect  of  "short  circuiting"  of  the  plasma, 
adveinced  by  Simon,  could  not  be  observed  in  experiments  specially  set 
up  for  the  purpose. 
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INVESTIGATION  OP  THE  MOTION  OP  A  CONDUCTING  GAS 
ACCELERATED  BY  CROSSED  ELECTRIC  AND  MAGNETIC  PIELDS 

A.K.  Musln,  V.L.  Granovslcly 
Moscow  ■ 

(PART  I  -  THEORETICAL) 

Let  us  consider  the  motion  of  a  viscous  conductive  medium  In  a 
magnetic  field  In  the  presence  of  a  plane  current  layer  produced  by  An 
external  alternating  electric  field.  We  start  here  from  the  magneto- 
hydrodynamic  equations  for  the  momenta  and  for  the  magnetic  Induction, 
written  In  the  simple  symmetrical  form 

ttf  +  +  ( 1) 

«• + +^.'1',, = (<>»  +  M  . 

We  use  here  the  notation  (Ij 

«  =  o  +  W/>'4^;  Z  =  (2) 

— =?)*/8;  2o  =  v  +  v«;  2&  =  v  — v*. 

V  Is  the  kinematic  viscosity,  v^^^  Is  the  magnetic  viscosity  of  the 
medium.  The  remaining  symbols  used  in  (1)  and  (2)  are  standard,*  and 
a  =  1,  2,  3. 

The  physical  meanir.g  of  the  functions  ir(t,  x^)  and  7(t,  x^)  given 
In  (2)  lies  In  the  fact  that  in  the  coordinate  frame  fixed  In  the  mov¬ 
ing  medium  we  Introduce  Into  consideration  two  hydrodynamic  waves  prop¬ 
agating  In  opposite  directions  with  equal  speeds  v^  =  Inas¬ 

much  as  propagations  occxinring  in  a  conducting  medium  with  constant 
physical  properties  propagate  with  velocities  that  do  not  exceed  2"^  [2], 
these  waves  do  not  Interact  with  each  other. 
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In  the  stationary  case  this  reduces  the  problen  of  Integrating 
the  slnultaneous  system  of  equations  to  the  Integration  of  several  In¬ 
dependent  equations.  In  the  nonstationary  case,  under  certain  particu¬ 
lar  assumptions,  the  problem  Is  likewise  simplified.  Let  us  consider. 

In  particular,  plane  nonstationary  motions  of  a  vlscoiis  conducting 
medium  with  a  variable *^ctirrent  layer  along  an  external  electric  field 
2’=2‘(t)  In  a  transverse  magnetic  field  1?  =  const,  let  the  electric 
field  ?(t)  be  parallel  to  the  x^  axis,  so  that  In  the  region  under  con¬ 
sideration  there  flows  an  alternating  ciu'rent  parallel  to  the  Xg  axis 
iflth  the  following  current  strength  per  unit  length  In  the  x^^  direction 

(3) 

!Ehe  external  magnetic  field  Is  directed  along  the  axis;  the  motion 
is  along  the  x^  axis  and  Is  bounded  by  parallel  nonconducting  planes 

*3  =  i®* 

The  relative  placement  of  the  fields  and  of  the  direction  of  mo¬ 
tion  are  shown  In  Fig.  1. 


Projecting  Eqs.  (l)  on  the  Xj^  axis,  we  obtain  In  our  case  a  para¬ 
bolic  system  of  equations 


u„  +  —  (au,  4-  6»,) 


Assjsse  that  when  t  <  0  the  electric  field  Is  zero  and  the  motion  occurs 
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only  Tinder  the  Influence  of  the  constant  pressure  gradient  = 

=  const,  l.e.. 


(5) 


where  and  are  the  stationary  solution  of  the  system  (1) 

in  the  case  when  there  Is  no  ctirrent  layer.  Owing  to  the  adhesion  of 
the  viscous  medium  to  the  boxindary  surfaces  and  owing  to  the  continu¬ 
ity  of  the  tangential  component  of  the  magnetic  field  in  the  absence 
of  sTirface  cTirrents  we  have  . 


ho(i)  —  (2:xjolci,)  expi  (to/  -j-  , 


Ml. 


(6) 


The  system  (4)  can  be  reduced  to  a  system  of  algebraic  equations  if  we 
use  the  operator  equation  [5] 

5.5  _  { 

where  m  =  1,  . , . ,  n;  s  is  the  operator  of  differentiation,  with  respect . 
to  X.  In  this  case  Conditions  (5)  and  (6)  are  Included  directly  in 
these  algebraic  equations,  where  hQ(t)  goes  over  into  h(k): 

h  (ft)  =  (2.i/o/fb)  [exp  /  (,j,  -}-  arc  Ig  u/ft)  ]  /  (to*  +  ft*)  •/»,  (  7  ) 

where  k  is  the  operator  of  differentiation  with  respect  to  the  variable 
Jt.  In  order  to  avoid  cTjmbersome  calculations  connected  with  the  simul¬ 
taneity  of  the  system  of  equations,  we  can  use  equations  that  follow 
by  virtue  of  the  known  analysis  theorems  from  the  symmetry  of  the  prob¬ 
lem  and  from  Conditions  (6); 


(a„  -f-  («  —  »)  ,,^0  =  0. 


(8) 


We  shall  not  wlte  out  here  the  solution  obtained  In  general  form;  we 
note  only  that  it  Is  most  convenient  for  analysis  purposes  to  use  di¬ 
rectly  the  solution  of  the  algebraic  system,  which  Is  a  solution  of  the 
problem  In  operator  form. 

Depending  c..  the  character  of  the  active  moving  forces  and  on  the  • 
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conditions  of  notion,  v;e  can  separate  fron  this  general  soluticn  sev¬ 
eral  special  cases.  In  this  case  the  general  solution  becomes  appreci¬ 
ably  simpler,  and  the  particular  solution  can  be  readily  written  do*.m 
in  the  notation  of  classical  analysis.*  Vie  consider  here  only  one  spe-  , 
clal  case,  when  the  gradient  of  the  total  pressure  la  (3P/5xj^)  =  0** 
and  the  motion  occtirs  only  under  the  Influence  of  the  electromagnetic 
forces.  In  addition,  we  assume  =  •r/2.  In  Formula  (7).  We  then  use  the 
well-lcnown  theorems  on  contour  Integration  [41  to  write  down  the  ex¬ 
pressions  for  the  velocity  of  motion  and  for  the  induced  magnetic  field 
In  series  form: 

Wi  (i. -V,)  =  —  vpD  . 

D(*)  (V  +  ~ 

-i>,(A-vpi)shp,l?ch/»,/?I.  (9) 

Pui(k)  « (i'2Aa  +  t,*+2A/ ± ii»a+i^-2;ii}l)/f. 

C|  =;Vi//3/2fo?;  C»— 2if/i)Wr»;  /*==w«;  - 

k^.are  the  roots  of  the  equation  D(lc)  =  0;  summation  Is  carried  out 
over  1. 

Assume  now  that  the  Inequality  v  «  or  vo  «  Cq  /47iy.  is  satis¬ 
fied,  l.e.,  the  conductivity  and  viscosity  of  the  medium  are  not  too 
large.  Then  Expressions  (9)  greatly  simplify,  and  the  formulas  for  the 
velocity  and  for  the  magnetic  field  can  be  written  In  analytic  form. 
These  formulas  are  rather  complicated,  but  If  \-ie  stipulate  in  addition 
that  (“Vjjj/vp  «  1  and  neglect  the  quantity  (t*JV^vp  compared  with 
unity,  something  that  can  be  dene  if  the  external  magnetic  field  is 
sufficiently  large  and  the  densities  low,  then  we  obtain  for  the  max¬ 
imum  velocity  on  the  flow  axis,  attair.able  at  the  instant  of  time  t  » 
ss  uli’  =  wu/S,  a  formula  which  Is  convenient  for  analysis  and  calcula¬ 
tion: 
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gulgljjglgj 


Hi 


(10) 


V,  COSO,  j. sin  sin ?,) 

2i'pvC.(sli-5,»n-23  +  ch  J,cos»oJ  '  (^®' 

2,  =  2|  vv^;  8^  =  ;  2,  === 

At  still  larger  magnetic  fields,  when  «  1,  v;e  neglect  wVjjj/v| 

compared  with  unity  and  obtain  from  (lO)  for  the  maximum  velocity 

-  /y^fcxp  m,i2V^)  -1 1  ^  .  .  . 

<;.I'?*!»xP«R//j/2/k?/v.)+I]  *  '  ^ 

We  see  therefore  that  the  velocity  of  motion  tends  asymptotically  with 

Increasing  magnetic  field  tox«ard  a  certain  limiting  value,  and  at  large 

•• 

magnetic  fields  It  no  longer  depends  on  the  magnetic  field  —  a  '*satura- 
tlon"  of  sorts  sets  In.  The  smaller  the  density  of  the  medium,  the 
smaller  the  magnetic  field  at  tdilch  the  saturation  occurs.  The  phys¬ 
ical  meaning  of  this  phenomenon  is  that  with  Increasing  magnetic  field. 
Its  accelerating  action  Is  gradually  balanced  by  the  induction  decel¬ 
eration  resulting  from  the  Interaction  betvreen  the  external  magnetic 
field  and  the  Increasing  Induction  current. 

At  low  densities  and  slow  changes  In  the  external  magnetic  field. 


V .. 

I 
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the  rate  of  notion  ceases  to  depend  likev;ise  on  the  density  of  the 
nedluci.  The  reason  for  it  is  that  under  such  conditions  the  inertial 
terns  are  small  and  the  resistance  to  the  motion,  is  determined  entirely 
by  the  viscous  dissipation. 

The  limiting  value  of  the  velocity  is  determined  by  the  amplitude 
of  the  electric  current  falling  through  the  medium  and  by  the  conduc¬ 
tivity  of  the  medium;  It  Is  obtained  the  later,  the  larger  the  density 
p  of  the  medium:  It  Is  clear  therefore  that  an  Increase  in  the  mag¬ 
netic  field  above  the  values  at  vAiich  saturation  sets  In,  although  It 
does  not  bring  about  an  increase  in  the  velocity  of  motion  for  a  con¬ 
stant  Jq,  nevertheless  makes  it  possible  to  set  a  larger  mass  in  motion. 
Figure  2  shows  the  curves  calculated  by  means  of  Formula  (10). 

At  a  current  density  Jq  =  430  a/cm  and  o  =  10^^  sec“^,  the  limit¬ 
ing  value  of  the  velocity  equals  2. 4*  10*^  cm/sec, 
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[Footnotes! 


Manu¬ 
script 
Page 
No. 

klk  Here  and  throughout,  in  order  to  abbreviate  the  notation, 

the  derivatives  with  respect  to  the  time  t  and  with  respect 

to  the  coordinates  are  denoted  by  suitable  indices  and 

c 

sumatlon  is  carried  out  over  repeated  Indices  (for  exan?)le, 

•at 

417  For  example,  by  putting  Tit)  =  0,  (Sp/Sx2)|^^Q  =  0, 

(^/^i)lt>o  =  const  0,  x^e  can  obtain  from  the  general  so¬ 
lution,  a^er  making  suitable  simplifications,  the  solution 
of  the  problem  considered  in  [3]. 

The  total  presstire  la  P  =  p  +  (H^/Stt). 


417 


mVESTIGATION  OF  THE  MOTION  OP  A  CONmiCTDKS  GAS 
ACCELERATED  BY  CROSSED  ELECTRIC  AID  HAGMETIC  FIELDS 

L.S.  Lomonosova,  V.I.  Serbin,  G.G.  Timofeyeva,  V.L.  Granovskiy 

Moscow 

(  PART  II  -  EXPERIMENTAL) 

1.  The  motion  of  a  conducting  medium  accelerated  In  crossed  elec¬ 
tric  and  magnetic  fields  i^as  considered  In  [l].  Ih  the  particular  case 
when  there  Is  no  press\ire  gradient  and  the  motion  occurs  only  under 
the  Influence  of  the  electromagnetic  forces,  fonnulas  that  are  con¬ 
venient  for  calculation  were  presented  and  the  dependence  of  the  vel¬ 
ocity  on  the  external  magnetic  field  was  plotted.  It  was  also  shown  In 
[1]  that  when  the  magnetic  field  Is  sufficiently  large  the  velocity  of 
the  plasma  ceases  to  depend  on.  the  magnetic  field,  l.e.,  "satxjratlon" 
sets  In  (see  [1],  Fig.  2).  With  increasing  Initial  gas  pressure  Pq, 
the  "saturation"  sets  In  at  ever-stronger  magnetic  fields.  It  was  also 
shown  that,  other  conditions  being  equal  (p^,  H,  the  type  of  gas),  the 
velocity  of  the  plasma  Increases  v/ith  increasing  amplitude  1^^  of  the 
discharge  current. 

2.  For  an  experimental  Investigation  of  these  phenomena,  a  setup 
was  assembled  In  accord  with  the  diagram  sho^-m  in  Fig.  1.  The  plasma 
was  obtained  and  accelerated  in  a  cruciform  glass  tube  32  mm  In  diam¬ 
eter.  The  plasma  source  was  an  arc  produced  in  tube  A  following  the 
discharge  of  a  capacitor  bank  with  capacity  C  =  2  pf.  The  cruciform 
portion  of  the  tube  %-ras  placed  betvieen  the  poles  of  an  electromagnet, 
so  that  the  magnetic  field  produced  by  the  latter  (6*10^  oersted)  was 
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perpendicular  to  the  electric  field  of  the  arc.  Under  the  Influence  of 
the  magnetic  field,  the  plasma  vms  ejected  Into  tube  B,  about  1  meter 
In  length.  In  our  experiments  we  van^led  the  amplitude  of  the  arc  cur¬ 
rent  from  1.2  to  5  klloamperes,  the  magnetic  field  Intensity  from  250 

o  *1 

to  6000  oersted,  and  the  pressure  from  10"  to  7*10"  mm  Hg.  We  meas¬ 
ured  the  plasma  velocity  on  a  portion  of  tube  B  of  length  18-28  cm  In 
hydrogen,  air,  and  krypton. 

The  motion  of  the  plasma  was  Investigated  by  two  methods:  • 

a)  with  an  electron  optical  converter  operating  as  a  photoregls- 

tratorj 

b)  with  probes  sealed  In  tube  B  as 
shown  In  Fig.  1.  m  this  case  the  veloc¬ 
ity  of  the  plasma  was  determined  from 
the  known  distance  between  probes  amd 
the  time  Interval  between  the  appearance 
of  the  probe  signals  on  the  oscilloscope 
screen. 

The  main  results,  which  are  pre¬ 
sented  below,  vrere  obtained  by  the  probe 
method.  It  turns  out  that  the  velocity 
of  the  plasma-  Increases: 

a)  with  increasing  amplitude  of  the 
discharge  current  (Fig.  2); 

b)  with  decreasing  Initial  gas  pressure  at  low  magnetic  fields 
(Fig.  3); 

c)  with  decreasing  atomic  weight  of  the  gas  (Table  1). 

It  was  observed  that  for  the  same  values  of  I^  and  pQ,  the  veloc¬ 
ity  of  the  plasma  Increases  with  Increasing  H.  However,  with  further 
Increase  of  the  magnetic  field  H,  the  Increase  In  the  velocity  slows  ' 


Fig.  1.  Diagram  of  appa¬ 
ratus.  Ij  Magnet;  2) 
anode;  3)  cathode;  4) 
probes;  5)  slit  of  elec¬ 
tron  optical  converter. 


6Bourx . 
SSoJopoi 


SCO  0.6XJO* 

500  (5-6)XI0* 


1)  Type  of  ras;  2)  nun  Hs;  3)  kiloanperes;  4) 
oersteds;  5)  cm/sec;  6)  air;  7)  krypton;  8) 
hydrogen. 

do\ifn,  after  which  the  plasma  velocity  remains  constant  (the  limiting 
velocity  Is  reached)  (Pig.  4).  In  hydrogen  at  Pq  =  0.15  mm  Hg  and 
=2.1  klloamperes,  the  "saturation"  sets  In  at  H  =  4500-5000  oersted, 
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and  the  linltlrji  velocity  attained  thereby  at  a  distance  of  26  cm  from 
the  axis  of  tube  A  Is  v  =  7-5  x  IC^  cm/sec.  This  "saturation"  in  the 
course  of  the  dependence  of  the  plasma  velocity  on- H  agrees  v/lth  the 
theoretical  deductions  [1]. 

3.  In  comparing  the  theoretical  and  experimental  dependences  of 
the  velocity  on  the  magnetic  field  intensity,  the  following  must  be 
kept  In  mind.  In  the  theoretical  calculations  [l]  we  deal  with  the 
velocity  of  the  plasma  directly  In  the  acceleration  region,  l.e.,  un¬ 
der  the  poles  of  the  electromagnet.  What  we  determined  experimentally, 
however,  was  the  velocity  of  the  plasma  at  a  certain  distance  from 
this  region.  Thus,  for  example,  the  first  probe  was  located  at  a  dis¬ 
tance  of  13  cm  from  the  discharge  tube  axis,  and  the  longitudinal  slots, 
when  working  with  an  electron  optical  converter,  started  at  a  distance 
of  10  cm  from  the  axis.  When  moving  in  tube  B,  the  plasma  was  slowed 
•  down  by  the  following  two  phenomena: 

a)  the  transfer  of  momentum  to  the  wall  tubes  and  to  the  station¬ 
ary  gas; 

b)  deceleration  by  the  force  exerted  on  the  Induced  currents  in 
the  moving  plasma  by  the  transverse  stray  field  of  the  electromagnet. 

Figure  5  shows  a  plot  of  the  motion  of  a  plasma  in  hydrogen  In 
tube  B  at  =  2.6  klloamperes,  Pq  =  O.I85  mm  Hg,  and  H  =  1200  oersted. 

FlgTire  6  shows  on  a  semllogairithmic  scale  the  dependence  of  the 
plasma  velocity  In  tube  B  on  the  distance  covered,  as  calculated  from 
the  plot  of  the  motion  (Fig.  5).  It  Is  seen  that  as  the  plasma  moves 
along  the  tube  3,  Its  velocity  decreases  approximately  exponentially. 
The  velocity  with  which  the  plasma  begins  Its  motion  from  the  acceler- 
atlr.g  region  can  be  obtained  by  extrapolating  the  plot  of  Fig.  6  to 
the  start  of  the  tube.  In  the  example  shovm  In  Figs.  5  and  6  (Curve  1), 
this  velocity  turns  out  to  be  v  =  2*10^  cii^sec,  whereas  Its  theoretical 
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Fig.  3>  Dependence  of  the 
plasma  velocity  v  on  the  In¬ 
itial  pressure  oT  the  gas  (air) 
Pq  In  two  modes:  1)  =  3.75 

klloampereSi  H  =  2040  oersted; 
2)  =s  3»75  klloamperes,  H  = 

=  2750  oersted.  Measured  In  a 
portion  1  =  0-15  cm  from  the 
start  oftube  B.  A)  cm/sec;  B) 
air;  C)  oersted;  D;  microns 
mercxiry. 
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Fig.  4.  Dependence  of  v  on  the 
magnetic  field  H  In  hycbogen 
at  Pq  =  0. 15  mm  Hg  and  =  2, 1 

klloamperes.  Cvu:>ve3  1-3  are 
theoretical  and  their  vertical 
scale  Is  on  the  right;  curve  4 
Is  e:q}erj[mental  with  vertical 
scale  on  the  left.  A)  ci^/sec; 

B)  at  distance  26  cm;  C) 

lo"^  cm/sec  [velocity  of  ejec¬ 
tion];  D)  oersted. 


Fig.  5.  Plot  of  motion  of  plasma 
in  hydrogen  in  tube  B  at  =  2. 6 

klloamperes,  Pq  =  O.I85  mm  Hg,  and 

H  =  1200  oersted.  1]  Microns  mer- 
C’jry;  2)  oersted;  3)  psec. 
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value  Is  2.4  X  10*^  cm/sec.  The  plasr.a  ejection  velocities  obtained  by 
extrapolating  the  experimental  data  turn  out  to  be  nevertheless'  lower 
than  those  obtained  by  calculation.  Thus,  one  can  state  that  there  Is 
good  qualitative  agreement  between  the  character  of  the  experimental 
and  theoretical  dependences  of  the  plasma  velocity  on  the  type  of  gas, 
on  Its  Initial  pressure,  on  the  current  amplitude,  and  on  the  Intensity 
of  the  external  magnetic  field.  However,  the  absolute  values  of  the 
measured  velocities,  and  also  of  the  limiting  magnetic  fields,  differ 


Fig.  6.  Dependence  of  v  In  hy¬ 
drogen  on  the  distance  covered 
along  the  tube  B:  l)  Pq  =  O.I85 

nra  Hg,  =  2.6  kiloamperes, 

H  =  1200  oersted;  2)  Pq  =  0.125 

mm  Hg,  =  2.6  klloamperes, 

H  =  3000  oersted.  A)  cm/sec; 

B)  microns  mercury;  C)  oersted; 
d)  probes. 

from  the  theoretical  ones  in  that  the  experimental  values  of  the  ejec¬ 
tion  velocities  are  lower  than  the  theoretical  ones,  while  the  limiting 
fields  are  larger.  The  reason  for  these  disparities  is  still  not  com¬ 
pletely  explained.  One  of  the  possible  reasons  Is  the  difference  In 
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the  conditions  of  the  calculation  and  of  the  excerLT^ents,  Inasnuch  as 
the  theory  developed  In  [1]  pertains  to  a  planar  configuration  v;hile 
the  experiment  pertains  to  a  cylindrical  one. 
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■  OBSERVATION  OF  HYDROI4AGNETIC  OSCILLATIONS  IN  THE  PLASMA 
OP  A  PULSED  ELECTRODELESS  DISCHARGE 

M.D.  Gabovlch,  I.M.  Mitropan 
Kiev 

The  discharge  of  a  capacitor  bank  Into  tv/o  slngle-ttu>n  colls  70  imn 
In  diameter  (current  oscillation  period  6  psec)  excited  an  electrode- 
less  pulse  discharge  In  hydrogen.  By  means  of  a  magnetic  probe  and 
belts  It  was  possible  to  observe  the  radial  oscillations  of  the  plasma 
connected  with  the  annular  current.  A  comparison  of  the  observed  period 
of  these  oscillations  with  the  calculated  value  makes  It  possible  to 
determine  the  concentration  of  the  Ions,  which  Is  In  satisfactory 
agreement  both  with  the  concentration  of  the  neutral  atoms  and  with 
the  concentration  of  the  Ions  as  determined  from  the  width  of  the  spec¬ 
tral-  lines.  A  distinguishing  feat\ire  of  the  case  considered  here  is 
that  the  oscillations  of  the  plasma  ring  occur  upon  compression  of  a 
magnetic  field  that  opposes  the  external  field,  i.e.,  a  field  whose 
lines  are  connected  with  the  internal  cvorrents  in  the  plasma,  and  not 
with  the  currents  in  the  external  turn.  In  a  heavy  gas  (krypton),  as 
expected  under  our  conditions,  there  is  neither  compression  of  the 
frozen-in  field  nor  oscillations  of  the  plasma  ring. 


SCHH'ES  OP  ELECTROGASDYIIAMIC  MACHINES 

Ye. I.  Yantovskiy 
Khar'kov 

Electrogasdynanlc  generators  are  Intended  for  direct  conversion 
of  the  energy  of  a  gas  stream  into  electricity.  This  obviates  the  need 
for  introducing  blades  in  the  stream  of  the  hlgh-temperatiire  gas  and 
It  becomes  possible  to  increase  appreciably  the  maximum  temperature  of 
the  thermodynamic  cycle,  and  consequently  also  the  thermal  efficiency. 

In  most  cases  the  energy  conversion  does  not  call  for  rotating 
parts  to  be  present  in  the  machine^ 

As  regards  the  operating  principle,  all  the  known  types  of  electro- 
gasdynamlc  machines  (EGM)  do  not  differ  from  ordinary  electric  machines, 
de  main  distinction  of  the  EGM  is  that  it  has  a  gaseous  rotor  as  a 
moving  peirt  which  directly  serves  as  the  operating  body  of  the  heat 
engine  which  carries  out  the  thermodynamic  cycle.  The  EGM  is  therefore 
a  unification  of  the  heat  engine  eind  the  electric  machine. 

Electric  current  can  flow  in  a  gas  either  if  the  gas  contains  a 

sufficient  number  of  free  electrons  and  ions  moving  under  the  influ¬ 

ence  of  an  electric  field,  or  when  the  gas  contains  overwhelmingly 
charged  particles  of  one  sign,  carried  by  the  gas  stream. 

As  is  customary  in  magnetic  gasdynamics,  the  current  density  is 
written  in  accord  with  the  generalized  Ohm's  law  in  the  form 

here  la  the  current  density;  a  is  the  electric  conductivity  of  the 

gas;  "S  is  the  intensity  of  the  electric  field;  "7  is  the  velocity  of 
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Ca3  In  the  reference  frame  In  v/hlch  ^  Is  measured;  Jt  is  the  ra^J^etlc 
field  intensity;  p.  is  the  magnetic  permeability;  is  the  density  of 
free  charges. 

Ws  shall  a  machine  magnetogasdynamlc  if  the  energy  exchange  in  it 
la  effected  by  the  work  of  the  conduction  cvirrent  (first  tera  of  the 
right  half  of  (.1)). 

It  is  customary  to  call  a  machine  convective  If  the  gas  flow  in 
it  does  the  work  necessary  to  transport  the  charges  together  with  the 
gas  against  the  forces  of  the  electric  field.  Use  Is  made  here  of  the 
convection  current  (second  term  of  the  right  half  of  Eq.  (1)). 

Magnetogasdynamlc  machines  can  be  divided  Into  two  classes,  de¬ 
pending  on  the  method  by  which  the  external  electric  field  ?  Is  pro¬ 
duced. 

In  conduction  machines  the  field  ?  Is  applied  directly  to  the 
boundaries  of  the  gas  stream  with  the  aid  of  electrodes. 

In  Induction  machines  there  are  no  electrodes  and  the  external 
electric  field  Is  produced  by  time  variation  of  a  magnetic  field. 

.  Each  of  the  foregoing  types  of  machines  is  also  used  in  ordinary 
electric  machine  building.  The  conduction  scheme  is  the  equivalent  of 
the  unipolar  electric  machines,  the  prototype  of  v/hlch  v/as  the  Faraday 
disk.  One  can  classify  as  induction  machines  the  ordinary  synchronous 
and  induction  AC  machinery.  The  convection  scheme  corresponds  to  an 
electrostatic  generator  with  moving  belt. 

In  view  of  the  exclusive  advantages  of  the  EGM  as  compared  with 
ordinary  machines,  many  proposals  were  made  by  which  to  bring  into  be¬ 
ing  each  of  the  three  mentioned  possible  types  of  machinery. 

Although  none  of  these  proposals  have  been  realized  to  date  on  am 
industrial  scale,  they  are  of  great  Interest.  The  use -of  modem  the¬ 
oretical  and  experimental  data  on  magnetic  gasdynamlcs  and  plasma  phys. 
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Ic3  as  applied  to  specific  schenes  v/111  apparently  make  It  possible  to 
choose  in  the  nearest  futtire  the  most  suitable  scheme  for  each  techni¬ 
cal  problem.  Particular  Interest  Is  attached  In  EGM  for  station  povrer, 
since  In  principle  the  upper  limit  on  the  power  Is  eliminated  by  the 
absence  of  rotating  parts. 

We  present  below  a  brief  review  of  different  schemes  which  we  were 
able  to  find  In  the  literature.  Within  each  class,  the  description  is. 
In  chronological  order. 

I.  CONVECTION  GENERATORS 

In  Braun's  scheme  [1]  (Fig.  1)  steam  or  some  other  vapor  from 
so\irce  A  Is  fed  Into  two  nozzles,  each  of  which  is  surroxinded  by  oppo¬ 
sitely  charged  belts  and  B2> 

When  the  expanding  steam  flows  past  each  sharp  point  and  Sgr 
Ions  of  different  signs  are  obtained  by  electric  induction.  These  serve 

as  condensation  centers  and  eire  dragged 
by  the  steam  toward  grid  electrodes 
2md  K^,  to  which  they  give  up  their 
charge.  The  steam  is  then  fully  condensed 
in  a  cooler  and  the  liquid  is  pumped  to 
the  heater.  The  electrodes  and  Kg,  on 
which  a  potential  difference  is  produced 
and  maintained  by  the  steam  flow,  are 
connected  to  the  useful  load. 

In  the  scheme  of  Ye.M.  Slnel'nlkov 
[2]  (Fig.  2),  provision  is  made  for  ex¬ 
ternally  heating  the  cathode  3,  which  is 
provided  with  sharp  points  and  which  is 
covered  by  a  substance  having  a  large 
Pig.  1  thermionic  emission.  The  electrons  emit- 


ted  by  the  cathode  are  drassed  by  the 
Jet  of  sercury  vapor  to  a  gi’ounded  charge 
collector  5,  so  that  the  potential  of 
the  cathode  Is  reduced  relative  to  ground. 
The  working  current  flows  throxigh  the 
useful  load  which  is  connected  to  the 
cathode  and  the  collector. 

In  the  AEG  scheme  [3]  (Fig.  3)»  pro^- 
vlslon  la  made  for  the  use  of  spherical 
electrodes  to  obtain  high  voltage  with 
the  aid  of  a  convection  generator.  To 
avoid  vortlcity  and  hydraulic  losses  It 
is  proposed  to  pass  the  steam  Jet  inside 
an  insulated  tube  provided  with  metallic 
honeycombs  or  Raschlg  rings  and  placed 


Inside  a  spherical  electrode. 

In  the  scheme  of  Karlovltz  and  Halasz  [4]  (Fig.  a  stream  of 
previously  Ionized  combustion  products  (In  the  mean,  neutral)  Is  fed 
to  a  Jet  of  annular  section  with  radial  stationary  magnetic  field  of 
such  Intensity  as  to  retain  the  electrons,  which  have  a  large  mobility, 
but  pass  the  Ions.  At  the  entrance  to  the  magnetic  field  there  Is 
formed  an  annular  electron  current  and  a  negative  pole,  while  at  the 
exit  from  the  nozzle  there  la  an  accxmmlatlon  of  positive  Ions.* 


Fig.  4 


The  electrodes  Introduced  Into  these  regions  are  connected  to  the 
useful  load.  To  reduce  the  formation  of  negative  ions.  It  Is  recom¬ 
mended  to  use  fuel  which  does  not  produce  water  vapor  upon  ccmbustlon. 

The  gas  stream  carrying  the  ions  performs  v/ork  against  the  elec¬ 
tric  field  produced  between  the  electrodes.  The  gas  can  also  contain 
positively  charged  particles  in  colloidal  or  suspension  form. 
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The  possibility  Is  afforded  of  changlns  the  nagnetlc  field  strength 
with  changing  load,  and  also  v;lth  changing  velocity  along  the  channel. 
Mention  Is  made  of  the  possibility  of  feeding  Into  the  combustion  cham¬ 
ber  air  heated  by  cooling  Its  walls,  and  also  the  possibility  of  Iso¬ 
thermal  combustion  In  a  channel  of  variable  cross  section. 

According  to  the  scheme  of  G.  I.  Babat  and  R.P.  Zhezherln  [5l  (Pig*  * 
5)*  mercury  vapor  supercooled  In  nozzle  C  Is  partially  condensed  on 
the  positive  Ions  which  diffuse  toward  the  grid  electrode  C  from  an 
arc  burning  between  electrodes  P  and  A,  or  from  another  Ionizer.  Schemes 
are  presented  wherein  three  generators  are  coxmected  together  by  means 
of  a  mechanically  rotating  switch  In  order  to  feed  the  steam  Into  the 


Pig.  5 
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nozzles  by  pulses  and  obtain  three  phase  AC  of  varying  frequency. 

A  model  of  such  a  generator  [6]  delivered  a  cxjrrent  of  50  ma  at 
100  V.  According  to  calculations  by  the  authors,  at  a  voltage  of  ICCO  v 
the  density  of  the  convection  current  may  reach  0.25*10"^  amp/cm^. 

B.I.  Ostreyko  [?]  proposed  to  charge  by  electrostatic  Induction 
mercTU’y  particles  and  then,  to  obtain  small  particles  with  Increased 
charge  at  high  potential,  propel  the  mercury  mechanically  through  a 
grid  with  capillary  apertures,  and  entrain  the  resultant  small  Jets  by 
means  of  a  Jet  of  steam;  he  also  pointed  out  the  possibility  of  feed* 
Ing  the  steam  generator  with  a  liquid  containing  an  admixture  of  metal¬ 
lic  particles  In  suspended  state. 

A.S.  Semenov  [8]  (Fig.  6)  proposed  still  another  generator  con¬ 
struction  with  two  oppositely  charged  vapor  streams  and  mutual  electric 
Induction. 


Marks  [9]  carried  out  extensive  calculations  and  proposed  a  con¬ 
vection  generator  using  aerosols;  this  generator  consists  of  a  Targe 
number  of  short  small-diameter  nozzles.  When  gas  of  high  dielectric 
strength  Is  used  (freon  or  carbon  tetrachloride)  the  possible  convec¬ 
tion  current  density  as  calculated  by  the  author  Is  50  amp/a^.  In  his 
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calculations  the  author  uses  the  data  of  Fauthenler  [10]  on  the  Unit¬ 
ing  charge  of  spherical  particles  in  high-voltage  convection  generators. 

In  the  scheme  by  Ktapf  [11]  (Fig.  7),  positive  ions  are  obtained 
by  surface  lonlzatloa  when  gas  flows  past  an  electrode  having  a  work 
function  lairger  than  the  ionization  potential  of  the  gas,  with  subse¬ 
quent  neutralization  on  an  electrode  having  a  work  function  smaller  ^ 
than  the  ionization  potential.  The  convection  current  flows  between 
the  electrodes,  which  are  used  as  a  cathode  and  an  anode,  with  the  cir¬ 
cuit  closed  by  the  useful  load,  ^e  voltage  is  Increased  by  connecting 
generators  in  series. 


Fig.  7.  1)  Insulation;  2)  top;  3)  bottom;  4)  cooling;  5)  com¬ 
pressor. 


In  the  scheme  of  B.M.  Molchanyuk  [12]  (Fig.  8),  the  specific  power 
of  the  convection  generator  is  increased  by  constructing  the  inter¬ 
mediate  Insulated  electrode  in  the  form  of  a  lattice  of  aerodynamic 
streamlined  profiles.  At  the  Instant  when  the  circuit  is  closed,  the 
potential  difference  between  electrodes  1  and  3  gives  rise  to  a  corona 
discharge.  The  positive  ions  produced  axe  distributed  by  the  gas  stream 


f 


over  the  surface  of  an  Insulating  cover  2,  fcrmlng  as  It  v;ere  the  sec¬ 
ond  electrode  of  a  capacitor,  made  up  of  the  ionized  gas.  The  v/orking 
current  is  drawn  throtigh  electrodes  3  and  4. 


The  convection  generator  schemes  considered  above,  by  virtue  of 
the  difficulties  Involved  in  producing  a  high  density  of  free  charges, 
are  characterized  by  low  current  density  even  v/hen  the  gas  velocity  is 
high.  They  are  therefore  of  no  Interest  for  stationary  power,  but  can 
be  useful  in  those  cases  when  low  power  DC  at  high  voltage  is  necessary- 
II.  COiWJCTION  GENERATORS 

The  first  magnetic  gasdynamlc  scheme  known  to  us  is  that  of  Scherer 

[131  (Pis*  9). 


*  • 
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A  stationary  transverse  magnetic  field  is  produced  in  a  channel 
of  rectangular  cross  section  of  variable  area,  closed  in  the  form  of  a 
ring  and  filled  with  electrically  conducting  gas,  using  two  excitation 
windings  and  Wg. 

The  opposite  walls  of  the  channels  are  made  up  of  metal  buses  — 
electrodes  and  Sg.  If  a  potential  difference  is  applied  to  the  buses, 
ciirrent  will  flow  through  the  gas  in  a  direction  perpendicular  to  the 
magnetic  field.  The  interaction  between  the  current  and  the  magnetic 
field  produces  a  force  that  compresses  the  gas  as  the  latter  flov/s 
Into  the  narrower  portion  of  the  chajinel  4-1,  after  which  heat  is  fed 
to  the  gas  from  a  source  not  Indicated  In  the  diagram.  The  gas  then 
flows  into  the  expanding  portion  of  the  channel,  where  the  voltage  in¬ 
duced  by  the  moving  gas  as  a  result  of  the  Increase  in  the  distance  be¬ 
tween  the  buses  exceeds  the  voltage  applied  for  the  compression.  After 
expansion,  the  gas  is  cooled  in  sector  3-^  and  is  again  compressed. 
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In  sector  1-2-3  (expansion)  the  ciirrent  and  the  Induced  enf  coin¬ 
cide  In  direction  and  the  energy  of  the  gas  flov;  Is  converted  Into 
electricity,  while  in  sector  3-^-1  (conpression)  the  current  and  the 
Induced  eiTif  are  opposite  in  sign  and  the  electricity  is  consumed  by 
the  gas.  Inasmuch  as  heated  gas  is  expanded  and  cold  gas  is  compressed, 
the  expansion  work  exceeds  the  compression  i^ork  and  the  resultant  elec¬ 
tricity  can  be  usefully  employed. 

An  analogous  process  occurs  in  any  heat  engine,  for  example  in  a 
diesel  engine,  and  is  represented  by  an  equivalent  indicator  diagram 
in  pressure-specific  gas  volume  coordinates. 

The  proposed  engine  converts  the  heat  energy  obtained  from  the 
heater  into  electricity  delivered  by  the  buses.. 

The  author  refers  to  earlier  predictions  of  similar  processes 
\(Zeltachr.  f.  Electr.,  Ifo.  17,  I898). 

3he  construction  of  a  mercury-field  contact  for  removing  the  cur¬ 
rent  from  the  buses  is  given. 

No  methods  are  Indicated  for  obtaining  a  gas  of  sufficient  elec¬ 
tric  conductivity. 

Meszlang  [14]  proposed  to  make  the  medium  electrically  conducting 
by  ionization  with  ultraviolet,  x-ray,  or  other  radioactive  radiation, 
and  also  to  use  high  temperatures  and  glow  discharge.  To  obtain  a  high 
voltage,  which  calls  for  a  large  gas  velocity,  it  is  proposed  to  use  a 
Laval  nozzle. 

Kramolln  (15]  (FlS*  10)  proposed  a  generator  scheme  in  which  gas 
flows  in  a  transverse  magnetic  field,  and  in  order  to  reduce  the  volt¬ 
age  neaur  the  electrodes  it  is  proposed  to  use  materials  with  low  work 
functions  and  Incandescent  electrodes. 

In  a  series  of  patents  by  the  Sier.ens-Schuckert  firm  [16-19] 
schemes  are  described  of  AC  conduction  generators  and  methods  of  con- 
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Ings,  and  with  such  an  arrangement  of  the  v/orklng  current  conductors 
as  to  neutralize  the  armature  reaction. 

It  is  proposed  to  place  the  generators  In  succession  along  the 
gas  stream  and  to  couple  them  by  means  of  trsinsformers  to  the  line,  so 
as  to  reduce  the  induced  AC  voltage  along  the  gas  channel. 

ftolbasko  [20]  (Fig.  12)  makes  mention  in  a  description  of  a  con-  • 
ductlon  ptsnp  for  current  conducting  liquids  that  such  a  pump  Is  revers¬ 
ible,  l.e. ,  that  It  can  operate  as  a  generator,  and  proposes  a  series 
excitation  system  by  which  the  magnetic  field  la  produced  by  the  vari¬ 
able  working  current. 


Sporn  and  Kantrovitz  [21]  have  proposed  a  scheme  for  a  large  scale 
power  Installation  with  a  conduction  magnetogasdynaralc  generator,  in 
which  the  working  mediums  employed  are  the  combustion  products  of  coal 
(Pig.  13).  The  total  power  of  the  Installation  Is  462  megawatts,  of 
which  97  megawatts  Is  obtained  by  an  ordinary  steam  turbine  unit  using 
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the  gases  in  v;hich  the  electroconductivity  has  been  decreased  upon  re¬ 
duction  in  temperature.  The  total  efficiency  of  the  installation  is 
estimated  to  be  55/^-  The  combustion  chamber  is  fed  v/lth  air  heated  by 
the  combustion  products  in  a  regenerator  to  2000°C  at  a  pressure  of  10 
atmospheres.  The  maximum  temperature  in  the  combustion  chamber  is 
29^0°C,  which  ensures  sufficient  ionisation  if  a  small  amount  of  addi¬ 


tive  with  low  ionization  potential  is  added.  The  resultant  DC  is  con¬ 
verted  into  AC  with  the  aid  of  a  special  unit. 
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Fig.  13-  a)  Proposed  pov;er  installation  in  which  coal  is 
burned  in  compressed  air;  b)  magnetohydrodynamic  generator; 
c)  steam  turbine  generator;  d)  specific  heat  flow;  e) 
kcal/kw-hr;  f)  kw;  g)  atmospheres.  1)  Coal;  2)  coal  feed;  3) 
combustion  chamber;  4)  field;  5)  field  supply  18  megawatts; 

6)  DC  to  AC  inverter;  7)  losses  15  megawatts;  8)  output  pov/er 
^62  megawatts;  9)  capacitors;  10)  station  needs,  10  megawatts; 
11)  generator;  12)  low-pressure  turbine;  13)  condenser  (heat 
exchanger);  14)  low-pressure  feed  v/ater  heater;  15)  regen¬ 
erator;  lo)  air  inlet;  17)  compressor;  18)  steam  superheater; 
1.9)  evaporator;  20)  feed  v;ater  heater;  21)  hlgh-pressiu’e  tur¬ 
bine;  22)  feed  water  heater  txirbine;  23)  exhaust. 


A  recently  published  communication  reports  the  construction  of  a 
model  of  a  conduction  generator  with  a  capacity.  10  kw,  as  well  as  other 


models  [22,  23] 


Conduction  generators  can  produce  toth  direct  and  alternating  cur¬ 


rent,  but  at  the  practically  attainable  gas  velocities  and  dimensions, 
the  voltage  obtained  can  be  on  the  order  of  a  thousand  volts,  xvhlch  is 
Insufficient  for  stationary  power  generation,  although  In  Individual 
cases  It  Is  usable. 

The  main  difficulty  In  developing  Induction  generators  Is  the 
elimination  of  the  voltage  drop  In  the  boundary  layer  near  the  elec¬ 
trode,  and  the  attainment  of  a  sufficient  service  life  for  the  elec¬ 
trodes.  In  the  case  of  Intense  cooling  of  the  electrodes,  one  can  ex¬ 
pect  the  near  electrode  layer  to  have  a  high  electric  resistance  re¬ 
sulting  from  the  drop  In  thermal  Ionization  owing  to  the  temperature 
decrease; 

III.  INDUCTION  GENERATORS 


TOie  first  of  the  InducWon  generator  schemes  known  to  us  Is  that 
described  In  [24]  (Fig.  14),  Where  the  tirorklng  medium  Is  mercury  vapor. 


On  the  v/hole  the  schene  Is  analogous  to  that  of  [15  ]j  except  that  the 
energy  from  the  vapor  flow  and  Its  conversion  into  electricity  occurs 
with  gas  flowing  In  a  channel  of  annular  cross  section,  formed  by  the, 
external  and  Internal  magnetic  circuits  a.  The  magnetic  circuits  have 
windings  C,  In  «rtilch  voltage  Is  induced  when  the .electrically  conduct¬ 
ing  gas  flows  in  a  radial  alternating*magnetlc  field  produced  by  sep¬ 
arate  excitation  winding  b. 

In  this  scheme,  the  current  In  the  gas  flows  In  a  ring  produced 
In  a  plane  perpendicular  to  the  gas  velocity,  and  there  are  no  elec¬ 
trodes.  Die  excitation  winding  Is  connected  through  a  capacitor  In 
parallel  to  the  working  winding  C.  - 

Among  the  Induction  type  generators  one  can  Include  a  gas  nuclear 
fission  reactor  proposed  by  Colgate  and  Aamodt  [25],  In  which  the 
thermal  energy  Is  released  in  a  shock  wave  in  gaseous  uranium.  The 
layer  of  ccxiductlng  gas  moving  behind  the  front  of  the  shock  wave  Is 
periodically  reflected  from  the  end  walls  of  the  cylindrical  volume  of 
the  reactor  thus  performing  work  in  an  alternating  magnetic  field  of  a 
short  solenoid  which  surrounds  the  reactor. 

Several  schemes  for  Induction  generators  for  stationary  power 
were  considered  at  the  NIIEtEKIRO. 

The  radial  scheme  of  an  induction  magnetogasdynamic  generator  [26] 
(Fig.  15)  is  a  modification  of  a  plane  linear  magnetic  circuit  used  in 
magnetofugal  electric  machines  and  Induction  pumps  for  liquid  metal. 
However,  in  plane  linear  schemes  a  "transverse  edge  effect"  arises,  as 
a  result  of  which  the  effective  electric  conductivity  of  the  gas  de¬ 
creases.  In  the  radial  system  the  transverse  edge  effect  is  apparently 
weakened.  In  addition.  It  is  easier  to  obtain  here  a  constant  gas  vel¬ 
ocity  at  subsonic  speed  by  specially  shaping  the  channel.  In  this 
scheme  an  alternating  magnetic  field  which  moves  in  an  almost  radial 


direction  Is  produced  with  the  aid  of  a  winding  on  a  stator  consisting 
of  two  disks. 

The  conducting  gas  moves  radially  from  the  Inside  to  the  outside 
at  a  velocity  larger  than  that  of  the  field.  A  three-phase  operating 


i 
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Pig.  15 


current  shifted  in  phase  relatively  to  the 
excitation  ciu’rent  Is  Induced,  as  In  an 
ordinary  induction  generator,  by  the  c\ir- 
rent  In  the  gas. 

At  the  electric  conductivity  that  Is 
practically  attainable  for  combustion  . 
products,  the  power  factor  of  such  gen¬ 
erators  Is  relatively  small  and  conse¬ 
quently  additional  synchronous  machines  or 


capacitors  are  necessary  to  provide  the  reactive  power. 

In  one  machine,  the  complete  cycle  of  conversion  of  the  chemical 
energy  of  the  fuel  Into  electricity  can  be  effected  by  using  a  rotat¬ 
ing  rotor.  The  energy  of  the  combustion  products  is  In  this  case  also 
extracted  by  magnetogasdynamlc  Interaction;  as  in  all  other  systems, 
there  Is  no  need  for  tiirbine  blades,  so  that  the  limitations  on  the 
maximum  cycle  temperatxire  become  weaker. 

An  example  of  such  a  scheme  is  the  disk  generator  [27]  (Fig.  16). 
The  magnetic  excitation  field  (the  external  field)  is  produced  by  a 
rotating  Inductor  7,  which  Is  fed  with  DC,  as  In  an  ordinary  synchron¬ 
ous  generator. 

When  fuel  Is  burned  in  chamber  5»  which  Is  placed  In  a  gap  betv;een 
the  Inductor  and  stator  1,  a  flow  of  electrically  conducting  combustion 
products  Is  produced.  Because  the  peripheral  component  of  the  gas  vel¬ 
ocity,  which  is  guided  by  pau7tltlon3  6,  exceeds  the  speed  of  the  Induc¬ 
tor,  closed  cuiTcnts  Interacting  with  the  inductor  field  and  the  force 


Fig.  l6.  a)  Section 


maintaining  the  latter  In  rotation  are  produced  In  the  gas. 

Di  this  case  the  magnetic  field  of  the  inductor  poles  plays  the 
role  of  the  turbine  blades  and  if  there  Is  no  winding  in  the  stator, 
such  a  device  could  be  called  a  magnetic  turbine,  since  It  transforms 
the  energy  of  the  gas  stream  into  mechanical  rotation  energy. 

If  a  three-phase  winding  2  is  placed  on  a  stator,  the  alternating 
magnetic  flux  of  the  rotating  inductor  induces  a  voltage  and  a  current 
in  the  latter,  as  in  an  ordinary  synchronous  generator. 

The  air  necessary  for  the  combustion  is  compressed  in  a  compressor 
moimted  on  the  shaft  and  Is  fed  into  the  channels  4  above  the  stator 
slots  and  from  there,  through  openings  In  the  wall,  into  the  combustion 
chamber.  The  disk  form  of  the  stator  makes  it  possible  to  obtain  the 
necessary  Increase  In  the  transmission  cross  section  of  the  chamber  as 


the  gas  expands. 

In  the  case  of  low  expeinsion,  such  a  nachine  can  be  oullt  using 
an  ordinary  synchronous  generator  and  a  cylindrical  rotor  vmich  has  a 
sufficiently  large  gap  to  hold  the  chaiaber  with  the  stream  of  conduct¬ 
ing  gas  [28]  (Fig.  17)* 

The  air  compressed  in  conpressor  2  is  fed  to  a  spiral ‘chamber  5» 
made  of  refractory  material  and  located  in  the  gap  of  an  ordinary  large 
synchronous  generator.  The  areas  fed  through  the  openings  in  the  walls 
into  the  spiral  combustion  chaniber  7»  to  which  fuel  and  ionizing  addi¬ 
tives  are  supplied.  The  combustion  occurs  over  the  entire  length  of 
chamber  7-  The  combustion  products,  tftiich  become  electrically  conduc¬ 
tive  because  of  the  thermal  ionization  of  the  additives  and  because  of 
chemical  ionization,  flow  in  the  magnetic  field  produced  in  rotor  9» 
and  cause  the  rotor  to  turn  as  a  result  of  the  eddy  currents  in  the  gas 

This  scheme  is  effective  if  the  ejipansion  is  Incomplete  and  the 
heat  of  the  exhaust  gas  is  utilized  in  an  ordinary  gas  turbine  or  some 
other  cycle. 

The  use  of  guiding  partitions  in  the  chamber  is  not  essential.  By 
making  the  poles  of  the  inductor  of  special  shape,  it  is  possible  to 
obtain  such  a  magnetic  field  configuration,  as  to  change  the  direction 
of  the  gas  entering  into  the  chamber  and  thereby  producing  a  rotating 
torque.  A  preliminary  examination  of  such  a  generator  scheme  with 
skewed  poles  is  contained  in  the  paper  by  L.Yu.  Ustlmenko  and  Ye.  I. 
Yantovskly  (Izv.  AN  SSSR,  OTN,  Kekiianlka  i  mash inostroyen lye,  5,  I960). 

Inasmuch  as  the  generation  of  electricity  in  schemes  with  rotat¬ 
ing  inductor  is  similar  to  that  in  an  ordinary  synchronous  generator, 
such  machines  are  best  called  synchronous  magnetogasdynamlc  generators, 
bearing  In  mind  their  drive,  which  does  not  contain  a  blade-type  tur¬ 
bine. 
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The  v/alls  of  the  chancer  of  any  indue ticn  type  Generator  can  te 
intensely  cooled,  say  with  liquid,  so  that  the  naxlnun  tenperature  cf 
the  themcdynamic  cycle  is  not  limited  by  their  construction. 

Unlllce  the  conduction  scheme,  the  electrode  problem  is  eliminated, 
but  a  need  arises  for  reactive  power  sources  or  for  a  rotating  Indue* 
tor. 

Induction  generators  produce  only  alternating  current  of  any 
power  and  any  voltage,  idilch,  like  ordinary  generators,  are  limited  by 
the  Insulation  of  the  stator  winding. 

If  the  attainable  electric  conductivity  of  the  gas  (with  the  aid 
of  1^  of  potassium  salt  as  an  additive)  Is  on  the  order  of  1-10  ohm'^cm' 
it  Is  possible  to  generate  In  one  cubic  centimeter  of  working  space 
some  10-100  watts,  so  that  one  can  count  on  a  pov;er  on  the  order  of 
100  megawatts  and  higher  In  machinery  of  tolerable  dimensions,  already 
attained  In  turbine  generator  construction. 

Inasmuch  as  the  electric  conductivity  of  the  gas  decreases  with 
decreasing  temperature,  but  Its  heat  content  still  remains  rather 
large,  it  Is  possible  to  obtain  a  high  thermal  efficiency  by  combining 
a  magnetogasdynamic  generator  with  an  ordinary  steam  turbine  or  gas 
turbine  unit. 

For  stationary  pov^er  generation  it  is  probable  that  the  most  ap¬ 
propriate  will  be  the  installation  of  an  Induction  magnetogasdynamic 
generator  in  am  existing  station,  v/here  the  synchronous  generators  can 
provide  the  necessary  reactive  pov/er  for  excitation  and  the  active 
power  to  drive  the  air  compressor.  On  the  vjhole,  one  can  expect  an  ap¬ 
preciable  increase  In  thermal  efficiency  of  the  cycle  by  increasing  its 
maximum  teraperatxire. 
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433  This  scheme  can  also  be  regaj^ded  as  using  Hall  current  and 

v;e  consider  It  to  be  the  start  In  the  development  of  a  spe¬ 
cial  class  of  Hall  type  conduction  generators. 
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CIRCLE  DIAGRAM  OP  AN  INDUCTION  MAGriETOGASDYNAMIC  GENERATOR 

L.M.  Dronnlk 
Khar'kov 

The  induction  inagnetogasdynamlc  generator  (AMG)  does  not  differ 
In  principle  from  the  ordinary  Induction  generator.  The  only  exception 
Is  the  gaseous  compressible  rotor,  which  Is  capable  of  changing  Its 
volvcce  with  change  In  pressure. 

The  process  of  slowing  down  a  gas  stream  In  a  rotating  magnetic 
field  Is  accompanied  by  a  decrease  In  the  total  enthalpy  of  the  gas 
due  In  general  both  to  the  decrease  In  temperature  and  to  the  decrease 
In  velocity.  The  change  in  gas  parameters  over  the  length  of  the  ma¬ 
chine  Is  obtained  by  solving  the  gasdynamlc  equations  (usually  In  the 
one -dimensional  approximation).  The  theoi^r  of  ordinary  induction  ma¬ 
chinery  has  been  developed  In  detail,  and  it  can  be  used  In  the  design 
of  AMJ,  provided  the  magnetogasdynamic  generator  with  a  speed  that  Is 
variable  along  the  machine  is  reduced  to  an  equivalent  generator  with 
solid  bulky  rotor,  having  the  same  electric  conductivity  as  the  gas. 

Cr.e  can  approach  this  problem  in  the  following  manner:  the  spilt 
Is  defined  as  the  ratio  of  the  Joule  losses  In  the  rotor  to  the  value 
of  the  electromagnetic  power 

the  power  given  up  by  the  gas  Is  in  the  usual  case  (electromagnetic 
power) 

(2) 

where  p  Is  the  gas  density,  u  Is  the  gas  velocity,  P  Is  the  transverse. 
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area  of  the  gas  channel. 

Here  ^1q  Is  the  decrease  In  the  slov/lng  dov;n  enthalpy  with  allov/- 
ance  for  the  Joule  losses  (without  heat  exchange). 

Let  us  define  ^1'q  &3  the  reduction  In  the  slowing  down  enthalpy 
for  an  isentroplc  release  of  energy  (no  energy  dissipation  in  the  fom 
of  Joule  heat). 

The  difference  ^1'q  ^1q  Is  due  to  the  presence  of  heat  losses 

In  the  gas. 

The  Joule  losses  are 

Pg=^pn(Mt'~-AU)F,  (2) 

on  the  other  hand  S  =*  (Vg  —  Vgj^)/Vg,  where  Is  the  speed  of  the 
equivalent  generator  and  Vg  Is  the  speed  of  the  field, 

— (4) 

AIq  and  AI'q  are  determined  from  the  solution  of  the  equations,  par¬ 
ticularly  the  energy  equation, 

*)  =  «)«  b)*; 

2)  fa •)*(!;, -u)fl. 

Let  us  proceed  to  the  construction  of  the  circle  diagram. 

We  consider  a  case  In  which  the  Induction  magnetogasdynamlc  gen¬ 
erator  Is  part  of  a  power  system,  l.e.,  a  generator  with  Independent 
excitation  (the  voltage  U  and  the  frequency  f  are  constant). 

To  construct  the  circle  diagram  It  Is  sufficient  to  know  the  fol¬ 
lowing: 

I.  The  machine  parameters: 

'  a)  active  resistance  of  stator  winding  r^^; 
b)  reactance  of  the  stator  winding  due  to  the  leakage  flux  Xj^; 
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c)  reactance  of  the  stator  winding  due  to  the  main  flux  x^; 

d)  reduced  active  resistance  of  the  gaseous  rotor  - '2*  (the  elec¬ 
tric  conductivity  of  the  gas  Is  constant  and  sufficiently  small,  so 
that  there  Is  no  skin  effect  and  the  resistance  Is  the  same  as  for  a 
bulky  rotor); 

e)  the  reactance  of  the  rotor  x'g; 

f)  the  active  resistance  of  the  magnetizing  circuit  r^. 

H.  The  magnetizing  cvirrent. 

All  this  Is  determined  from  the  check  calculations  and  Is  Inde¬ 
pendent  of  the  operating  mode  of  the  machine  (whether  It  Is  operated 
as  a  motor,  a  generator,  or  In  plugging). 

III.  The  equivalent  slip. 

Calculations  have  shown  the  following: 

a)  the  r^eactance  of  the  rotor  winding  can  be  neglected; 

b)  the  active  component  of  the  magnetizing  current,  due  to  the 
iron  and  copper  losses  at  no  load.  Is  so  small  compared  with  the  reac¬ 
tive  component,  that  it  can  also  be  neglected  and  the  active  resist¬ 
ance  of  the  magnetizing  circuit  can  be  assximed  equal  to  zero. 


Fig.  1  Fig.  2 


The  equivalent  circuit  referred  to  the  locked  rotor  is  shown  in 
Fig.  1.  . 

Further  construction  of  the  circular  diagram  does  not  differ  In 
any  respect  from  the  construction  for  an  ordinary  Induction  machine  [1] 
As  In  an  ordinary  Induction  machine,  the  T-shaped  circuit  Is  re- 


placed  by  an  L-shaped  circuit  with  suitable  change  in  the  parameters 
(Pig.  2). 

The  ideal  no-load  cxirreat  is  dravm,  the  diameter  of  the  circle 
diagraia  is  determined,  as  are  also  the  currents  in  the  rotor  corres¬ 
ponding  to  S  =  1  and  S  =  »,  and  the  slip  scale  is  constructed. 

IQiowing  the  slip,  we  can  determine  the  nominal  current  in  the 
rotor  and  In  the  stator,  the  power  factor,  the  electromagnetic  power, 
and  the  efficiency  (Pig.  3)- 

The  circle  diagram  of  the  AMQ  has  its  own  peculiarities: 

a)  Inasmuch  as  the  rotor  has  a  very  high  resistance,  the  portion 
of  the  diagram  between  s  =  0  and  s  =  1,  corresponding  to  the  motor 
mode,  is  very  small;  this  Indicates  that  at  the  existing  electric  con¬ 
ductivities  it  la  difficult  to  use  an  induction  magnetogasdynamlc  ma- 


Plg.  3*  1)  Slip  scale;  2)  scale;  3)  generator 
mode. 


-  455  - 


chine  as  a  notor; 


b)  the  electric  efficiency  Is  defined  as  the  ratio  of  the  useful 
povxer  to  the  electromagnetic  power,  the  latter  being  equal  to  the  de¬ 
crease  In  the  slowing  down  enthalpy  multiplied  by  the  gas  flow. 

After  constructing  the  circle  diagram.  It  Is  possible  to  deter¬ 
mine  all  the  operating  characteristics  of  the  generator  (useful  power, 
stator  current,  and  efficiency),  and  only  magnetogasdynamlc  calcula¬ 


tions  are  necessary. 
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SOME  EXPERIMENTS  WITH  A  PLASMA  JET 

B.P.  Bobylev,  V.Ye.  Stryzhak 
Khar  *  kov 

In  order  to  accumulate  experience  on  the  development  of  plasma 
devices,  we  have  designed  and  constructed  a  small  plasma  generator 
with  a  water-stabilized  arc  and  graphite  electrodes,  with  a  power  rat¬ 
ing  up  to  4o  kw. 

It  was  planned  to  carry  out  a  series  of  experiments,  making  it 
possible  to  determine  the  chairacter  of  the  destruction  of  the  graphite 
electrodes  and  the  character  of  the  action  of  the  plasma  Jet  on  vari¬ 
ous  materials. 

The  anode  employed  was  a  graphite  rod  15  mm  In  diameter,  which 
could  be  displaced  relative  to  the  cathode.  The  cathode  was  a  copper 
disk  in  the  center  of  which  was  Inserted  an  Interchangeable  graphite 
Insert  with  a  hole  about  3  mm  In  diameter. 

The  power  was  delivered  by  an  ordinary  DC  generator  at  220  or  110 
volts. 

A  stabilizing  resistance  (0.2  ohms)  was  connected  In  the  arc  cir¬ 
cuit. 

The  duration  of  operation  vras  on  the  order  of  one  minute  and  was 
limited  to  the  time  required  to  burn  out  the  graphite  insert  In  the 
cathode. 

In  the  operation  of  the  plasma  generator  It  was  noted  that  the 
graphite  Insert  Is  destroyed  relatively  more  rapidly  than  the  anode 
rod.  Whereas  the  graphite  insert  permits  in  practice  only  one  operating 


cycle  to  be  performed,  the  anode  can  be  used  for  several  cycles,  al- 
thouch  to  be  sure  it  Is  necessary  to  reset  the  anode  so  as  to  compen¬ 
sate  for  the  wear  of  the  graphite. 

The  rate  of  wear  of  the  anode  turned  out  to  be  not  more  than  0.5-1 
mm/sec.  Cases  of  the  cathode  melting  outward  (Pig.  1)  and  melting  In¬ 
ward  (Pig.  2)  were  noted. 

The  plug  produced  In  the  inward-melting  hole  was  in  the  form  of 
radially  arranged  spokes. 


* 


FI5.  3 

In  graphite  cathodes  the  follovrlng  changes  v;ere  observed:  first, 
formation  of  a  thin  outward-melting  film  on  the  end  side  of  the 
cathode.  Under  a  microscope  one  could  see  in  such  a  film  graphite  par¬ 
ticles  as  well  as  particles  of  a  colorless  glassllke  substance  (not 
more  than  3-^/^)-  Chemical  analysis  of  the  employed  cathodes  shou’ed 
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their  ash  contents  to  be  about  1.1^,  but  the  hl^h  tenperatiore  obviously 
caused  the  glassllke  substance  to  migrate  to  the  surface  of  the  cathode 

Second,  the  Inward  melting  of  the  hole  in  the  cathode.  In  examin¬ 
ing  a  fracture  of  the  cathode  It  was  seen  that  nesir  the  exit  apertiure 
a  graphite  "plug"  was  produced,  formed  by  radial  spokes  resulting  from 
the  melting  of  the  graphite.  Under  the  microscope,  the  portions  of  the 
molten  graphite  represent  a  black  structureless  mass. 

Experliients  were  carried  out  In  order  to  ascertain  the  character 
of  the  action  of  the  plasma  Jet  on  solid  and  refractory  materials 
(chamotte,  granite). 

One  must  take  particular  notice  of  the  rapid  destruction  of  gran¬ 
ite.  Figure  3  shows  the  outward  appearance  of  granite  after  5-10  sec¬ 
onds  of  plasma  Jet  action.  The  energy  concentration  In  this  action  was 
approximately  5  kw/mm^,  with  the  hole  In  the  cathode  having  a  3  nim  di¬ 
ameter.  Such  an  energy  concentration  cannot  be  produced  apparently  by 
any  of  the  other  means  used  In  drilling. 

We  therefore  consider  it  worthwhile  to  examine  the  question  of 
the  technical  feasibility  of  using  plasma  installations  for  drilling 
in  very  hard  rocks. 
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ACCELERATION  OP  A  CONDUCTDia  GAS 
BY  A  TRAVELING  MAGNETIC  FIELD 

V.B.  Baranov 
Moscow 

Let  us  consider  the  problem  of  the  acceleration.  In  a  plane  chan¬ 
nel,  of  a  weakly  conducting  gas  by  meahs  of  a  traveling  magnetic  field 
the  direction  of  which  Is  perpendicular  to  the  direction  of  Its  motion 
The  principle  of  producing  a  ponderomotlve  force  acting  on  a  liq¬ 
uid  with  the  aid  of  a  traveling  magnetic  field  was  used,  for  exanq^le. 
In  pumps  for  liquid  metals  [1].  '• 

We  analyze  the  problem  In  the  one -dimensional  formulation.  All 
the  parameters  depend  only  on  the  coordinate  x  along  the  channel.  The 
magnetic  field  Is  directed  along  the  axis  in  the  plane  of  the  flow. 

We  assume  first  that  the  magnetic  field  Induced  In  the  gas  can  be 
neglected.  Then  the  average  system  of  equations  will  have  the  form 

fuS  =  fo«oS9  =  G  (1)  the  continuity  equation, 

da  ■  dp 

P“  +  — (2)  the  equation  of  motion, 

dr  ,  ‘'i'  oHl,  ,  ■ 

(3)  the  equation  of  energy, 

p  —  ?RT  equation  of  state. 

Here  Is  the  velocity  of  the  magnetic  field  along  the  x  axis,  u  Is 
the  gas  velocity,  p  Is  the  density,  £,  la  the  pressure,  T  is  the  tem- 
peratvu:’e,  S  Is  the  transverse  area  of  the  channel,  G  Is  the  gas  flow, 
o  Is  the  conductivity,  and  £  Is  the  velocity  of  light.  In  order  for 
the  ponderomotlve  force  to  accelerate  the  gas  v/e  must  have  u^  >  u. 
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Vihen  S  =  const  and  T  =  const  the  system  (1-^)  can  be  integrated 
to  the  end.  The  solution  In  the  first  case  has  the  form 
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(when  Uq  is  equal  to  the  velocity  of 
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S  »  const 


Here 

A,  B,  and  C  are  constants  that  depend  on  k  =  Cp/Cy  "K  ("K  la 
the  dimensionless  constant  of  the  energy  Integral). 

The  Index  (O)  pertains  to  values  of  the  parameter  In  a  certain  Initial 
section  of  the  channel. 
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Curves  calculated  from  Formulas  (5»  6)  are  plotted  In  Figs.  l-3» 
In  the  second  case  the  solution  has  the  form 


5  =  i  expxAfJ  [i  (Hi  - 1) - 1)  j, 

?  =  =  expx.^fj[-l(ir*- 1)  +^0?- 1)  ], 

7  — 

'  f  “*p<^** 

■*“/  o.-»’ 

Here  u  =  u/uq;  p  =  p/pq;  p  =  p/PqUq;  S  =  S/Sq? 


—  —  oHoit. 

;  Jc==sT — ~x, 
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Mq  Is  the  Kach  number  In  the  initial  section. 

Plots  calculated  from  Formulas  (7-9)  are  shown  In  Figs.  A-6. 

In  the  case  when  the  channel  varies  in  accordance  to  some  speci¬ 
fied  law,  the  system  of  equations  (1-4)  reduces  to  a  system  of  two  non¬ 
linear  first-order  equations  for  u  and  T,  which  can  be  solved  with  re¬ 
spect  to  the  derivatives  du/dx  and  dT/dx. 
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Fig.  8. 
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As  a  result  of  the  analysis  nade  it  is  possible  to  conclude  that 
it  is  most  advantageous  to  accelerate  the  gas  by  suitably  varying  along 
the  X  direction  both  the  shape  of  the  channel  and  the  velocity  of  mo¬ 
tion  of  the  magnetic  field.  In  this  case  v/hen  o  -  10^^  sec"^,  Hq  ~  3000 
oersted,  and  G  -  1  g/sec  it  is  possible  to  accelerate  the  gas,  under 
our  assumptions,  to  a  velocity  -12  km/sec  over  a  distance  of  -1.5  ® 
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MU 


with  Uq  ~  1  ton/sec  (uq  corresponds  to  the  velocity  of  sound). 

An  estimate  of  the  effect  of  the  magnetic  field  Induced  in  the 
gas  on  the  acceleration  has  been  made  for  the  case  S  =  const. 

The  following  system  of  equations  was  integrated 


da  ,  dff  <»  ,  , , 

X  — l“d^  X  — Ip  Ac 

AH.  ,  4x«  ' 

'di  + 


(10) 

(11) 

(12) 

(13) 


It  is  possible  to  obtain  two  integrals  of  this  system: 
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(15) 

Using  (10,  13-15 )  and  the  Initial  condition  u  =  Uq  when  x  =  0,  vie  ob¬ 
tain 

>— I 
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4.  ^ In  +  1 

(2ai«  +  ir+I^V  — 4aiCi)(2a|H*-|-6| — — 4aiC|)  (1®) 
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Here  ^  7^ - 

f/*-l\*  1  .  .  '  .  «j(a,B2  +  M.+  a,)’’ 

A'=---<i,(.M  — 1);  P  =  — a. 

The  pressvire,  density,  and  temperature  are  obtained  from  (10,  l4,  15) 
and  from  the  equation  of  state.  Calculations  have  shown  that  the  mag¬ 
netic  field  Induced  In  the  gas  improves  the  characteristics  of  the  ac¬ 
celeration  (Icirger  velocities  are  obtained  over  one  and  the  same 
length,  as  compared  with  the  case  when  the  induced  magnetic  field  was 
neglected).  To  determine  the  constant  vie  used  the  condition  that 
Hy  -►  Hq  when  ®  “*■  (Hq  is  the  intensity  of  the  external  applied  mag¬ 
netic  field). 

■  If  we  put  u  =  E/H  and  H  =  H  (E  and  H  are  the  mutually  perpen- 

*•  Jr 

dlcular  electric  and  magnetic  fields),  then  the  solution  of  the  system 
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(10-13)  yields  the  solution  of  the  prcblen  of  the  acceleration  of  a  ^as 
In  crossed  electric  and  nagnetlc  fields  [2]. 

It  must  also  be  noted  that  simultaneously  v/lth  our  paper,  another 
paper  v/as  presented  to  the  Conference  [3],  in  which  a  system  of  equa¬ 
tions  analogous  to  the  system  (IO-I3)  v;as  Integrated,  something  the 
author  foiind  out  later. 
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EQUATIOIIS  OF  HOTIOII  OF  PLASI-IOIDS 
El  EXTERNAL  MAGNETIC  FIELD 

K.D.  Slnel'nlkov,  N.A.  Khizhnyak,  B.G.  Safronov 

Khar'kov 

The  lagranglan  Is  Investigated  of  a  system  of  nonrelatlvlstlc  par¬ 
ticles  forming  a  quasineutral  plasmold,  and  the  eqpiatlons  of  motion  of 
this  plasmold  In  external  magnetic  fields  are  determined.  The  forces 
acting  on  the  plasmold  are  obtained  under  the  assiunptlon  that  the  kin¬ 
etic  energy  of  the  plasmold  particles  Is  small  compared  with  the  energy 
of  their  electrostatic  Interaction,  and  are  represented  In  the  form  of 
an  ejqjansion  In  powers  of  the  polarization.  The  zero-order  terms  of_ 
the  expansion  coincide  with  the  forces  acting  on  a  flexible  current 
loop  In  an  external  magnetic  field. 

The  motion  of  a  plasmold  In  a  linearly  growing  axially  symmetrical 
*  magnetic  field  and  In  a  homogeneous  field  during  a  time  that  Is  small 
compared  with  the  time  of  thermal  decay  of  the  plasmold  Is  considered. 
Eie  natxiral  oscillations  of  the  plasmold  are  considered. 


CONCERNEJG  THE  INTERACTION  BETIIEEN 
PLASMOIDS  AND  A  MAGIETIC  FIELD 

I.  M.  Podgornyy ,  V. I.  Sumarokov 

Moscow  * 


Plasmoids  accelerated  by  the  electrodynamic  method  were  injected 
In  a  magnetic  field  produced  by  two  coils  connected  to  buck  each  other. 
It  is  shown  that  the  lifetime  of  the  plasma  In  such  a  system  amounts 
to  several  times  ten  microseconds.  The  capture  of  the  plasmold  is  ac¬ 
companied  by  the  appearance  of  an  annular  current  in  the  gas.  The 
reasons  for  the  stability  of  this  cvirrent  remain  unclear  for  the  time  . 
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The  paper  v;lll  be  published  in  the  foreign  Journal  "Journal  of 
IJuclear  Engineering." 


COMDUCTIVITY  OP  A  PLASMA  OF  A  STRAIGHT-LUE  PINCH 

M.D.  Borisov,  V.A.  Suprunenko,  Ye^A.  Sukhomlin, 

Ye.O.  Volkov,  N.  I.  Rudnev 
Khar'kov 

We  Investigated  with  the  aid. of  magnetic  probes  the  conductivity 
of  a  plasma  of  a  atralght-llne  strong-current  discharge  (pinch).  A  de¬ 
crease  In  the  conductivity  of  the  plasma  and  In  the  lifetime  of  the 
pinch  with  Increasing  Intensity  of  the  electric  field  in  the  plasma 
was  observed.  In  the  case  of  ordinary  strong-current  discharges.  It  Is 
pointed  out  that  even  a  small  amount  of  neutral  atoms  (on  the  order  of 
IjS)  has  a  great  Influence  on  the  conductivity  of  the  plasma. 


INVESTIGATION  OP  THE  PROPAGATION  OP  SHOCK  WAVES 
IN  A  DISCHARGE  TUBE 

L. G.  Chernikova,  M.D.  Ladyzhenskly 
Moscow 

The  paper  reports  on  experimental  investigations  carried  out  on 
the  conditions  of  electrical  discharge  necessary  to  obtain  a  uniform 
speed  of  propagation  of  a  shock  v/ave  along  a  discharge  tube. 

Estimates  au:e  presented  of  the  dependence  of  the  energy  release 
In  the  discharge  gap  of  the  tube  on  the  parameters  of  the  resonant  cir¬ 
cuit  and  the  discharge  conditions. 
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EJVSSTIGATIOII  OF  A  SHOCK  WAVS  III  A  COIIICAL  DISCHARGE  TUBS 

D.V.  Orllnsldy 
Moscow 

By  means  of  high-speed  photography,  an  Investigation  Is  made  of 
the  dependence  of  the  velocity  of  the  front  of  a  shock  wave  produced 
In  a  conical  discharge  chamber  and  propagating  along  the  axis  of  a 
glass  cylinder  on  the  angle  at  the  vertex  of  the  cone,  on  the  Initial 
gas  pressure,  and  on  the  voltage  on  the  capacitor  bank.  The  maximum 
velocity,  -2*10*^  cm/aec.  Is  obtained  under  the  experimental  conditions 
at  a/2  =  12®. 

The  paper  was  published  In  ZhETP,  36,  3,  717,  1959. 

INSTABILITY  OP  A  PLASMA  WITH  ANISOTROPIC 
DISTRIBUTION  OP  ION  AND  ELECTRON  VELOCITIES 

A.B.  Kltsenko,  K.N.  Stepanov 
Khar'kov 

The  propagation  of  lovf-frequency  raaignetohydrodynainlc  waves  In  an 
unbounded  plasma  with  anisotropic  distribution  of  the  velocities  of 
the  charged  particles  is  Investigated  on  the  basis  of  the  kinetic  equa 
tlon. 

The  conditions  are  obtained  for  the  occurrence  of  Instability, 
due  to  the  anisotropy  of  the  distribution  function.  It  Is  shown  that 
the  kinetic  analysis  leads  to  an  increase  in  the  Instability  region 
compared  with  that  obtained  In  the  quasihydrodynamlc  approximation. 

The  paper  ;^as  published  In  ZhETP,  38,  6,  l84l,  ig60. 
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IliTSRACTIOII  OF  Atl  ELECIROII  BEAM  WITH 
A  PLASMA  IN  A  HAGiETIC  FIELD 
I.F.  Kharchenko,  Ya.B.  Faynberg,  R.M.  Nlkolayev, 

Ye. A.  Kornilov,  Ye. I.  Lutsenko,  N.S.  Pedenko 
•  Khar’kov 

Results  are  presented  of  blij  experlnental  Investigation  of  the  In¬ 
teraction  between  a  modulated  and  unmodulated  beam  of  electrons  with 
energy  of  5  kev  with  a  plasma  In  a  magnetic  field. 

On  passage  of  an  .unmodulated  beam  through  a  plasma,  oscillations 
at  the  electron  cyclotron  frequency  are  produced  In  the  beam. 

In  a  magnetic  field  of  definite  value,  large  energy  losses  are 
observed  In  the  beam  (up  to  2  kev),  accompanied  by  an  Increase  In  the 
Intensity  of  the  glow  of  the  beam  eind  an  Increase  In  the  Intensity  of 
the  oscillations  In  the  beam,  over  a  wide  range  of  frequencies. 

Analogous  effects  were  obtained  for  a  beam  modulated  at.  the  elec¬ 
tron-cyclotron  frequency  and  at  frequencies  that  are  multiples  of  It. 

The  paper  was  published  In  ZhETF,  38,  3»  685,  I960. 

INVESTIGATION  OF  THE  HIGH-FREQUENCY  OSCILLATIONS  OF 
THE  PLASMA  PINCH  OP  A  VACUUM  ARC 

B.G.  Safronov,  R.V.  Mitln,  A. A.  Kalmykov,  V.G.  Konovalov 

Khar'kov 

The  high-frequency  oscillations  accompanying  the  combustion  of  a 
loose  vacuum  arc  v/ere  Investigated.  The  arc  was  ignited  In  a  vacuum 
-10“^  mm  Hg  at  a  current  of  150-300  amp  and  In  a  magnetic  field  of  100- 
5000  gauss. 

Strong  high-frequency  oscillations  with  frequencies  of  1-2  mega¬ 
cycles  were  observed.  The  frequency  of  the  oscillations  depends  lin¬ 
early  on  the  magnetic  field.  The  distribution  of  the  high-frequency 


fields  of  these  oscillations  was  Investigated.  It,  is  concluded  from  > 

the  measurements  that  these  oscillations  are  magnetohydrodynamic  waves. 

STUDY  OP  MAGNETIC  PROPERTIES  OP  A  PLASMA 
BEHU®  THE  FRONT  OP  A  STRONG  SHOCK  WAVE 
K.D.  Slnel'nikov,  V.G.  Safronov,  G.G.  Aseyev, 

Yu.S.  Azovskiy,  V.S.  Voytsenya 
Khar'kov 

The  currents  in  a  plasma  behind  the  front  of  a  strong  shock  wave 
(Mach  number  M  =  30-70),  arising  as  the  shock  wave  moves  in  an  axially 
symmetrical  magnetic  field  (up  to  ftOO  oersted)  were  investigated.  The 
nature  of  these  currents  is  discussed  in  the  case  of  a  homogeneous  and 
Inhomogeneous  magnetic  field. 

The  dependence  of  the  currents  on  the  magnitude  of  the  magnetic 
field  and  on  the  distance  to  the  shock  wave  source  In  a  homogeneous 
magnetic  field  are  obtained.  The  applicability  of  this  method  for  the 
determination  of  the  conductivity  and  temperature  behind  the  front  of 
a  strong  shock  wave  (M  =  20)  is  discussed. 

Magnetic  signals  corresponding  to  successive  shock  v/aves  were  ob¬ 
served. 

Preliminary  experiments  on  the  study  of  the  polarization  of  a 
plasma  behind  the  front  of  the  shock  wave  in  a  transverse  magnetic 
field  (up  to  2000  oersted)  are  described. 

The  paper  is  published  in  ZhTP,  31»  8»  893 1  I96I. 
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EXPEROMENTS  WITH  PLASMA  JETS  IN  A  MAGNETIC  FIELD 

A.M.  Kbstylev,  A. A.  Porotnikov 
Moscow 

MSTHODS*OP  OBTAINING  HIGH-TEMPERATURE  GAS 

The  solution  of  many  physical  and  technical  problems,  and  particu¬ 
larly  problems  In  magnetic  gasdynamlcs,  calls  for  the  use  of  a  hlgh- 
ten^)erature  gas  heated  to  the  so-called  plasma  state,  when  thermal  Ion¬ 
ization  Is  significant.  In  shock  tubes.  In  e^loslon  of  wires.  In 
pulsed  strong  current  discharges  In  gases,  high  temperatures  are  ob¬ 
tained,  but  for  a  very  short  time.  This  clrctmstance  is  a  serious  dif¬ 
ficulty  In  the  performance  of  many  experiments.  It  is  possible  to  pro¬ 
duce  and  maintain  high  gas  temperatures,  of  several  times  ten  thousand 
degrees,  for  a  long  time,  namely  tens  of  minutes,  in  electric  arcs 
with  compressed  discharge  channels. 

In  an  ordinary  open  electric  arc  it  is  impossible  to  supply  a 
large  amount  of  power  per  unit  gas  volume  and  consequently  it  is  Im¬ 
possible  to  obtain  high  temperatures.  The  reason  for  it  is  that  as  the 
arc  current  increases  the  diameter  of  the  discharge  channel  increases 
and  the  current  density  in  the  arc  remains  practically  constant,  while 
the  intensity  of  the  electric  field  changes  little  at  large  currents. 

Generally  speaking,  the  current  density  tends  to  a  definite  limit 
with  increasing  current  strength  in  open  arcs.  This  has  been  confirmed 
experimentally  by  many  investigators  [1].  Thus,  the  specific  energy  re¬ 
leased  per  unit  volume  of  gas  in  am  open  arc  hardly  changes  with  in¬ 
creasing  current.  The  temperature  of  open  electric  arcs  is  6CC0-80C0°. 
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Contained  arcs  in  a  ii ic.ii-P-eania-e  uiiaiubui-  did  not  i-onult  Jn  an  appre¬ 
ciable  rise  in  temperature.  As  the  pressiu'o  in  the  chamber  v/as  in¬ 
creased  to  1000  atnij  the  temperature  in  the  arc  rose  to  12,000*^  [2]. 

It  is  possible  to  increase  the  temperature  of  an  electric  arc  to 
30,000-50,000°  by  restrictinc  the  diameter  of  the  arc  dlscharce  chan¬ 
nel.  An  effective  method  of  Increasing  the  temperature  in  an  electric 
arc  turned  out  to  be  the  v/ell-knov/n  method  of  Gucrdlen,  proposed  by 
him  already  in  the  thirties  and  consisting  of  limiting  the  diameter  of 
the  arc  discharge  by  means  of  a  special  v/ater-cooled  diaphragm  [3].  In 
the  literature  there  are  many  reports  in  which  the  use  of  this  method 
is  described.  Similarly,  in  our  electric  arc  installations  the  diam¬ 
eter  of  the  arc  discharge  v/as  limited  by  diaphragms  with  internal  or 
external  cooling  with  liquid  or  gas.  We  have  reported  details  of  the 
installations  and  the  first  results  of  the  methodological  investiga¬ 
tions  on  them  in  our  paper  presented  to  the  Congress  on  Mechanics.  V/e 
give  here  only  the  main  parameters  of  the  electric  arcs  and  the  plasma 
jets,  which  can  be  of  interest  for  those  engaged  in  magnetic  gasdy- 
namics. 

M'^IN  PARAMETERS  OF  THE  PLASMA  03TAIMED  IN  THE  INSTALLATIONS 

In  the  115  ki'f  plasma  Installation,  an  over-all  view  of  which  is 
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Fig.  1.  Over-all  vlev/  of  plasma  in¬ 
stallation  .’I  --  115  Jew. 
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Pig.  2.  Diagram  of  e:qperlment  on  the 
measurement  of  the  conductivity  in  the 
arc  column,  l)  Anode:  2)  stabilized  dia¬ 
phragm;  3)  cathode;  h)  expellable  probe. 

shown  in  Fig.  1,  the  current  density  was  7100  amp/cm^  and  the  intensity 
of  the  electric  field  115  v/cm.  fhe  arc  lengths  in  this  installation 
ranged  from  30  to  105  nm.  In  the  4000-lcw  installation,  the  current  den¬ 
sity  reached  74,000  amp/cm^  and  the  povrer  per  unit  volume  37,000 
kw/cm^,  while  the  intensity  of  the  electric  field  was  500  v/cm.  Die 
changeover  to  larger  powers  is  necessary  not  only  in  order  to  obtain 
larger  plasma  flows,  but  also  to  Increase  the  lifetime  of  the  plasma 
outside  the  discharge,  since  the  ratio  of  the  volume  to  the  surface  of 
the  plasma  Jet  becomes  more  favorable.  The  high  temperature  is  main¬ 
tained  in  a  Jet  of  such  a  plasma  over  a  greater  length. 

In  the  ejqjerlments  with  these  Installations,  the  electric  conduc¬ 
tivity  of  the  plasma  was  measxired  with  the  aid  of  specially  expelled 
probes.  The  experimental  setup  is  illustrated  in  Fig.  2.  In  order  to 
exclude  the  potential  drops  occurring  near  the  electrodes  from  the  cal¬ 
culations  of  the  electric  field  Intensity,  the  distance  between  the 
probes  was  vau:'led  in  the  various  experiments,  or  else  the  length  of 
the  arc  was  varied.  By  measiiring  the  intensity  of  the  electric  field  E 
of  the  arc,  the  current  strength  I,  the  length  of  the  arc  1,  and  the 
diameter  of  the  arc  discharge  column  d,  \ie  calculated  the  resistance 
and  electric  conductivity  in  the  arc  channel.  The  measurements  per- 


forned  enabled  us  to  calculate  the  electric  conductivity  of  the  plasma. 

An  estimate  of  the  electric  conductivity  of  the  plasma  In  an  arc 
with  large  current  density  gave  a  value  of  -10  CGS  esu,  which  Is 
three  orders  of  magnitude  lower  than  in  copper  but  one  order  of  magni¬ 
tude  higher  than  in  open  arcs.  This  is  a  sufficiently  large  value  for 
many  magnetic  gasdynamlc  ej^erlments. 

At  the  present  time  there  are. still  no  fully  mastered  reliable 
methods  for  determining  a  plasma  temperature  of  several  times  ten  thou¬ 
sand  degrees.  One  of  the  methods  of  estimating  the  temperature  Is  to 
calculate  It  from  the  flow  of  the  plasma  and  the  amount  of  energy  de¬ 
livered  to  it.  For  the  installation  parameters  indicated  above,  such  a 
calculation  yields  an  average  temperature  of  about  20,000^.  It  Is  pos¬ 
sible  to  estimate  the  ten?)erature  more  accurately  by  measiirlng  the 
conductivity  of  the  plasma  in  the  discharge.  Assuming  that  at^^the  pre¬ 
vailing  degrees  of  ionization  the  conductivity  is  determined  by  the 
interaction  between  the  electrons  and  the  ions  only,  and  using  Gvoz- 
dover’s  formula,  we  obtain 


here  a  is  the  measured  conductivity,  k  is  the  Boltzman  constant,  ^  and 
m  are  the  discharge  and  mass  of  electron,  n^  is  the  concentration  of 
electrons,  T  is  the  temperature  to  be  determined. 

The  calculation  of  the  te.iperature  in  the  discharge  from  the  meas- 
lored  electric  conductivity,  assuming  that  the  temperature  remains  con¬ 
stant  over  the  diameter,  yields  a  value  -23,000°.  Assuming  the  tempera¬ 
ture  distribution  over  the  cross  section  to  follow  a  qviadratlc  paura- 
bola,  we  can  calculate  the  Integral  conductivity  over  the  cross  sec¬ 
tion  of  the  discharge  and,  by  ccraparing  it  with  the  measured  value, 
determine  the  temperature  on  the  discharge  axis.  Calculation  yields  a 

-  476  - 


value  of  35,000°. 

Using  the  assumption  that  the  temperature  Is  parabollcally  dis¬ 
tributed  over  the  cross  section  of  the  arc,  and  using  Formula  (1),  we 
can  plot  nomograms  relating  the  current  in  the  arc,  the  electric  field 
Intensity,  the  temperature  on  the  arc  axis,  and  the  discharge  diameter. 

Ihls  was  done  In  I-laecker's  work  [4J  for  a  water  plasma  at  atmospheric 
pressxire.  Ihe  cuirves  calculated  In  this  manner  were  marked  with  the 
experimental  points  and  the  temperature  In  the  arc  was  measured  In 
these  experiments  spectrographlcally.  The  nomogram  In  Fig  3  shows 
also  our  own  experimental  points. 
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Fig.  3*  Nomogram  for  estimating  the  tempera- 
tiire  In  the  arc  channel.  1)  v/cm;  2)  diameter 
of  channel;  3)  povrer  per  unit  length  N  =  1 
kw/cra;  4)  amp. 


The  hlgh-temperature  plasma  installations  operated  also  at  In¬ 
creased  presstire.  For  this  purpose  the  arc  was  enclosed  in  a  housing 
with  the  plasma  Jet  leaving  from  one  side.  The  pressure  was  raised  to 
several  tens  of  atmospheres.  The  rate  of  escape  of  the  plasma  Jet  in 
the  case  of  large  currents  and  narrow  channels  reaches  a  very  large 
value,  several  kilometers  per  second.  The  high  velocities  are  the  re¬ 
sult  of  the  action  of  the  high  temperature  and  the  large  pressure  drop. 
Ih  the  il5-kw  Installation  the  velocity  of  the  plasma  escaping  from  a 
hole  In  the  electrode  v/as  estimated  to  be  4  km/sec.  In  the  40C0-kw  in- 


stallatlon  (for  a  photograph  of  the  operating  plasnotron  see  Fig.  4) 
the  rate  of  escape  of  the  plasma  reached  5-6  ktV'sec.  Estimates  of  the 
velocity  were  made  from  the  known  plasma  flov;  and  Its  temperature,  and 
also  by  means  of  high-speed  motion  picture  photography  (using  fraime  or 
streak  photography) .  The  speed  of  the  Jet  leaving  the  plasmotron  did 
not  exceed  the  local  velocity  of  sound,  owing  to  the  high  temperature. 
Table  1  summarizes  the  most  Interesting  experimental  results.  At  the 
present  time  methods  are  being  developed  for  a  more  accurate  determina¬ 
tion  of  the  physical  plasma  parameters  such  as  the  composition,  tem¬ 
perature,  velocity,  and  other  parameters. 

TABI£  1 


1)  Power j  2)  current;  3)  voltage;  minimum 
arc  diameter;  5)  ctarrent  density;  6)  power 
per  unit  length;  7)  maximum  temperature  on 
arc  axis;  8)  measured  conductivity;  9)  max- 
iraimi  time  of  one  experiment;  10)  vrorklng 
pressure;  11)  kw;  12)  amp;  13)  v/cra;  14)  mm; 

15)  aimp/cm^;  l6)  kw/cm;  17)  CCS  esu;  l8) 

min;  19)  kg/cm  . 

Using  the  values  obtained  above  for  the  plasma  Jet  velocity,  the 
conductivity,  the  temperature,  etc.,  ve  can  estimate  a  few  magnetogas- 
dynamlc  plasma  parameters.  For  the  plasma  obtained  In  these  Installa¬ 
tions  the  magnetic  viscosity  Is 

v„  =  10^  cm^/sec 

(two  orders  of  magnitude  lov/er  than  In  mercury).  At  the  exit  from  the 
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Pig.  4.  Over-all  viev;  of  the  operating  plas- 
motron  with  N  =  4000  kw. 

*>  6  / 

plaamotrons,  the  plasma  velocity  reached  lO-^-lO  cm/sec.  If  v;e  tales  as 
the  characteristic  dimension  the  dicuneter  of  the  jet  L  ..  1  cm,  tiien 
for  the  pai’cimeters  indicated  above  the  magnetic  Reynolds  number  is 
~  ^  rule,  in  laboratory  experiments  with  liquid  metals  and 

with  a  low  ten^erature  plasma  we  have  <  1. 

The  interaction  between  electromagnetic  and  hydrodynamic  phenomena 
is  characterized  by  the  so-called  Stev/art  criterion 

.  II, 

>:  /I-!?.,.: 

I  fV 

Where  A  is  the  Alfven  number,  H  is  the  intensity  of  magnetic  field  in 
gausses,  L  is  the  characteristic  plasma  dLmension  in  cm,  a  is  the  con¬ 
ductivity  in  CGS  esu,  v  is  the  plasma  velocity  in  cm/sec,  p  is  the 
plasma  density  in  g/cm^. 

If  q  >  1  in  the  medium,  then  the  electromagnetic  forces  v;lll  pre¬ 
vail  over  the  hydrodynamic  ones.  Even  at  large  magnetic  fields  H,  i.e.  , 
at  large  Alfven  numbers  A,  the  influence  of  the  electromagnetic  forces 
on  the  hydrodynamics  can  be  appreciable  only  in  the  case  of  good  con¬ 
ductivity  (i.e.,  large  numbers).  V’nen  H  =  10,CC0  gauss,  L  =  1  cm, 
aind  V  =  10^  cm/sec,  assimilng  the  plasma  density  to  be  p  »  10~^  g/cm^, 
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v;e  get  q  =  10.  This  criterion  can  be  improved  by  vrcrlcing  v;lth  larger 
magnetic  fields  or  at  reduced  pressures. 

The  given  vailues  of  and  ^  for  the  plasma  of  electric  arc  in¬ 
stallations  make  it  possible  to  observe  some  magnetohydrodynamlc  ef¬ 
fects. 

STABILIZIIIG  ACTIOII  OP  LONGITUDDIAL  HAGIHTIC  FELD  ON  PLASMA  JETS 

In  carrying  out  several  experiments  with  plasma  Jets,  we  had  to 
fix  accurately  the  axis  of  the  Jet.  The  high-speed  motion  picture  pho¬ 
tography  indicated  that  the  axis  of  the  plasma  Jet  oscillated  relative 
to  the  axis  of  the  aperture  in  the  electrode.  V.'e  undertook  to  stabil¬ 
ize  (to  fix)  the  Jet  by  means  of  a  constant  external  magnetic  field. 

The  experimental  setup  is  shovm  in  Fig.  5.  The  plasma  of  our  arc  in¬ 
stallations  was  far  from  magnetized,  since  the  free  paths  of  the  par¬ 
ticles  are  negligibly  small  compared  v/ith  the  Laimor  radii.  The  conduc¬ 
tivity,  although  high,  was  finite. 

We  were  xinable  to  "fix”  the  plasma  jet  v;ith  the  available  magnetic 
field,  but  we  v/ere  able  to  note  the  stabilisiiig  action  of  even  a  weak 
magnetic  field  (several  hundred  gauss)  on  the  discharge  channel  and  on 
the  plasma  Jet  behind  the  electrode.  VJien  a  constajit  s.'cternal  longi¬ 
tudinal  magnetic  field  with  intensity  up  -co  300  gauss  vjas  applied  to 
the  plasma  Jet  and  simultaneously  an  electric  ouia’ent  was  made  to  flow 
tJirough  the  Jet,  the  Jet  becpne  "fixed"  on  the  arcls.  This  can  be  ex¬ 
plained  in  the  following  fashion.  The  external  magnetic  field  is  coar:- 

ial  t:ith  the  flow  in  current,  and  a  deviation  of  the  jet  from  this  di¬ 
rection  by  a  certain  angle  causes  it  to  rocate  as  a  result  of  the  con-  • 

vectlve,  electrodyrmLmlc,  euid  other  possible  I’orces;  the  centrifugal 
forces  displace  the  hot  plasma,  which  has  a  lover  density  as  compared 
with  the  surrounding  gas,  toward  the  axis  of  rotation.  Thus,  the  cur¬ 
rent  carrying  channel  occupies  a  stable  position  along  the  magnetic 
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Fig.  5*  Diagram  of  experiment  on  the  stabiliza¬ 
tion  of  a  plasma  by  a  magnetic  field.  1)  Sole¬ 
noid  for  producing  the  external  magnetic  field; 
2)  stabilizing  diaphragm;  3)  plasma  Jet  behind 
the  electrode. 


Fig.  6.  Diagram  of  experiment 
with  destabilization  of  em 
electrolyte  Jet  by  a  magnetic 
field.  1;  Electrode;  2)  sole¬ 
noid;  3)  Jet  of  electrically 
nonconducting  liquid;  4)  Jet 
of  electrolyte. 


Fig.  7»  Stable  and  unstable  flow  of  a  small 
electrolyte  Jet. 
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field.  A  similar  stabilizing  action  is  exerted  by  an  external  longi¬ 
tudinal  magnetic  field  of  small  magnitude  on  eui  arc  discharge  proper 
between  electrodes.  The  operating  stability  of  the  arc  Is  noticeably 
Increased  and  the  current  and  voltage  fluctuations  are  decreased.  The 
conditions  for  Igniting  the  arc  by  exploding  a  wire  are  greatly  im- . 
proved. 

^  order  to  verify  the  reality  of  such  a  rotation  mechanism  In 
the  stabilization  by  means  of  a  constant  external  magnetic  field,  we 
set  up  an  eoq^erlment  In  vAilch  the  Internal  electrically  conducting  Jet 
had  a  greater  density  than  the  surrounding  medium.  By  using  an  elec¬ 
trolyte  Jet  around  which  a  nonconducting  liquid  flowed,  a. current  was 
made  to  flow  and  an  external  longitudinal  magnetic  field  was  applied; 
when  the  magnetic  field  was  ttarned  on,  the  Jet  of  the  electrolyte  be¬ 
came  twisted,  flowed  away  from  the  center,  and  broke  apart.  A  diagram 
of  the  experiment  is  shown  In  Figs.  6  and  7.. 

On  the  basis  of  these  e:q»erlments  it  was  concluded  that  although 
the  Influence  of  the  magnetohydrodynamlc  effects  Is  small,  there  does 
exist  an  influence  of  the  centrifugal  effect,  which  Is  the  cause  of 
the  stability  of  the  plasma  which  Is  lighter  than  the  surrounding 
medium,  and  of  the  Instability  of  the  electrolyte  which  is  heavier 
than  the  sxirrounding  liquid.  The  results  described  have  found  practical 
application  In  work  with  these  installations. 

GEMERATION  OP  MAGIETIC  FIELD  IN  A  PLASM 

When  a  plasma  moves  In  ein  external  magnetic  field,  currents  are 
generated  In  It  and  these  are  associated  with  magnetic  fields  which 
are  superimposed  on  the  external  magnetic  field  suid  distort  the  latter. 
The  plasma  "stretches  out"  the  force  lines.  The  kinetic  energy  of  the 
plasma  goes  over  Into  the  energy  of  the  magnetic  field  and  Into  Joule 
heat  of  the  plasma 
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Fig.  8.  Distor¬ 
tion  of  magnetic 
field  of  a  mov¬ 
ing  plasma. 


If  a  plane  Jet  v/lth  conductivity  o,  thickness 
Zq,  and  velocity  v^  moves  In  an  external  field 
(Pig.  8),  then  the  value  of  the  generated  magnetic 
field  hj^  can  he  estimated  from  the  equation 

hence 

In  this  case  the  circuits  of  the  generated  current 


are  closed  at  Infinity.  For  example,  the  plane  Jet  Is  In  fact  a  cylin¬ 
der  with  complete  axial  symmetry,  having  an  Infinitely  large  radius. 

If  on  the  other  hand  the  Jet  of  finite  dimensions  Is  not  closed, 
then  on  entering  the  magnetic  field  the  charges  will  become  separated 
In  It,  and  polarization  cxirrents  will  flow  In  It  until  the  electric 
field  of  the  separated  charges  neutralizes  the  induced  electric  field 
vH/c,  whereupon  the  separation  of  the  charges  will  stop,  the  displace¬ 
ment  currents  will  become  equal  to  zero,  and  the  plasma  will  pass 
through  the  magnetic  field  without  distorting  it.  The  charged  particles 
will  experience  no  acceleration  whatever  In  the  region  where  = 

=  vH/c  and  will  have  a  constcint  velocity.  Just  like  neutral  particles, 
and  therefore  the  polarized  Jet  will  flow  in  the  constant  magnetic 
field  with  constant  velocity  without  distorting  the  field  or  interact¬ 
ing  with  it.  If  the  polarization  charge  is  removed  in  some  place,  for 
example  if  the  opposite  (+,  — )  sides  of  the  plasm  Jet  are  short  cir¬ 
cuited  with  a  conductor,  then  the  separation  of  the  charges  will  re¬ 
sume  and  currents  will  flow,  whose  kinetic  energy  will  be  converted 
into  magnetic  energy  and  into  heat.  Thus,  the  magnetic  field  component 
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Fig.  9.  Measurement  of  the  com¬ 
ponent  of  the  magnetic  field  gen¬ 
erated  by  a  plasma  by  means  of  a 
compensated  magnetic  probe.  1) 

To  oscilloscope.. 

h^  generated  by*  the  plasma  can  be  measured  not  only  at  the  entrance  to 

the  magnetic  field,  but  also  Inside  a  constant  magnetic  field.  At  the 

entrance  to  the  field  it  la  Important  to  know  the  rate  at  which  the 

Intensity  of  the  external  magnetic  field  builds  up,  so  as  to  be  able 

to  determine  the  value  of  the  polarization  current  density  and  compare 
«• 

it  with  the  measured  h^^.  It  must  be  noted  that  In  addition  to  the 
polarization,  closed  currents  can  flow  in  a  plasma  In  the  presence  of 
a  velocity  gradient  along  the  radius  of  the  jet  of  conducting  gas. 

In  oxu*  experiments  this  was  apparently  excluded.  The  Jet  leaving 
the  plasmotron  consists  of  a  conducting  core,  v/here  the  charges  are 
separated,  and  an  almost  nonconducting  gas  jacket,  which  moves  with  a 
velocity  close  to  that  of  the  core,  followed  by  a  boundary  layer,  where 
the  velocity  drops  to  zero.  V/ere  the  jacket  and  the  boundary  layer  to 
be  conducting,  then  they  would  short  circuit  the  polarization  poten¬ 
tial  and  would  carry  closed  current  loops,  but  in  view  of  the  fact 
that  the  conductivity  decreases  rapidly  along  the  radius  in  the  place 
where  the  velocity  is  hardly  changed  as  yet,  only  the  separation  of 
the  charges  can  take  place  and  only  displacement  currents  can  flow. 

tfeasurement  of  the  component  h^  generated  by  the  plasma  vias  car- 
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rled  out  by  a  conpensated  na-jnetic  probe  (FIs-  9).  "ear  the  exit  from 
the  plasnotron  there  v;ere  installed  permanent  magnets  provided  xirlth 
thermal  insulation,  and  the  plasma  Jet  flov/ed  perpendicular  to  the 
field  of  these  magnets.  The  intensity  of  the  magnetic  field  as  a  func¬ 
tion  of  the  distance  between  the  poles  could  vary  from  one  to  four  or 
five  thousand  oersted  and  was  monitored- with  the  aid  of  an  1I1I-3*  The 
plasma  flowed  through  tx^ro  colls  connected  to  buck  each  other  (see  Fig. 

9).  One  half  of  the  probe  measxxred  the  change  of  — h^  and  the  other 
that  of  +h^i  to  prevent  errors  it  is  necessary  that  the  axis  of  the 
Jet  coincide  with  the  symmetry  plane  of  the  probe.  Since  the  colls  are 
connected  to  buck,  the  signal  was  additive  and  the  external  Induced 
stray  cxirrents,  which  were  the  same  in  both  colls,  canceled  out,  for 
which  purpose  the  colls  were  made  of  minimum  dimension,  so  as  not  to 
permit  the  Inhomogenelty  of  the  alternating  external  fields  (due  to 
turning  the  plasmotron  on,  etc.)  from  coming  into  play.  The  probe  was 
secxared  on  a  frame  made  of  organic  glass  and  was  Inserted  by  means  of 
a  nonmagnetic  pipe  into  the  gap  between  the  magnet  poles,  2-5  cm  away 
from  the  place  of  exit  of  the  Jet  from  the  plasmotron.  The  plasmotron 
x<as  txirned  on  and  the  signal  from  the  probe  v/as  registered  on  the  os¬ 
cilloscope.  The  optimum  exjjected  results  should  give  a  generated  field 
of  about  1000  oersteds,  if  it  is  assumed  that  the  magnetic  Reynolds 
nvimber  is  on  the  order  of  xinity.  Hovzever,  all  the  results  obtained  v::;re 
lower  than  expected.  For  example,  the  results  of  one  of  the  experi¬ 
ments  x/ere  as  follox>rs:  the  number  of  probe  txarns  n  =  100,  probe  area 
3=2  cm^  (1  +  1),  signal  magnitude  E  =  7  rav,  signal  duration  Ax  =  0.01 
sec.  The  average  value  of  the  generated  magnetic  field  is  therefore 

-Vi.  =  10*  =  35  oeX?.ted. 

The  measxired  value  of  h^^  deviates  by  almost  two  orders  of  m-agnl- 


-  485  - 


tude  fron  the  expected  value,  probably  ov^lng  to  the  fact  that  the  mag¬ 
netic  Reynolds  ntimber  at  the  measurement  point  Is  lov:er  than  that  ob¬ 
tained  ffora  the  optimal  estimates,  v;hlle  at  the  other  points  the  value 
of  can  also  be  higher  than  that  measured.  For  example,  the  average 
value  iah^  is  measured  experimentally,  and  from  the  sharp  variation  of 
the  conductivity  along  the  radius  It  follov/s  that  near  the  Jet  axis 
there  should  be  generated  fields  h^  which  are  much  larger  than  the  av¬ 
erage  values  (and  these  we  may  fall  to  measure  when  the  Jet  deviates 
from  the  center  of  the  probe).  On  approaching  the  plasmotron  along  the 
Jet,  and  also  when  the  plasmotron  power  Is  Increased,  the  values  of 
will  Increase  eind  conditions  under  which  the  generated  fields  will 
play  no  less  a  role  than  the  external  fields  become  quite  possible. 
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HIGH-FREQUEIICY  DISCiL\?.GS  III  MOVING  GAS 

A.M.  Khazen 
Moscow 

A  high-frequency  discharge  between  two  electrodes  in  a  gas  stream 
is  considered.  The  frequency  of  the  high-frequency  field  and  the  gas 
pressure  are  such  that  during  the  time  of  one  half  cycle  of  the  voltage 
supplying  the  discharge  gap  the  electron  does  not  have  time  to  pass 
through  all  the  discharge  gap.  The  change  In  the  external  electric 
characteristics  of  the  discharge  Is  determined  as  the  magnitude  and 
the  direction  of  the  gas  stream  velocity  Is  changed. 

CONTRIBUTIOM  TO  THE  THEORY  OP  THE 
SYNCHRONOUS  MAGNETOGASDYNAMIC  MACHINE 

L.Yu. ^Ustlmenko,  Ye. I.  Yantovskly 
Khar'kov 

A  machine  Is  considered.  In  which  part  of  the  energy  of  the  flow 
of  an  electrically  conducting  gas  is  converted  Into  electricity  or 
Into  mechanical  energy  of  a  rotor,  without  the  need  for  introducing 
blades  in  the  stream. 

It  Is  shown  that  It  Is  possible  to  obtain  a  rotating  torque  by 
axial  flow  eiround  a  smooth  rotor  with  skewed  poles. 

Assuming  that  there  is  no  transverse  edge  effect,  the  character¬ 
istics  of  "magnetic  blades"  are  obtained  for  an  Incompressible  liquid 
with  constant  electric  conductivity. 

The  paper  was  published  in  "Izv.  AN  SSSR,  Hekhanika  1  mashlno- 
stroyenlye,"  5*  i960. 
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ELECTRIC  DIPOLE  FELD  BI  A  PLASMA 
IH  AN  EXTERNAL  MAGIETIC  FIELD 

B.P.  Kononov,  A. A.  Rukhadze,  G.V.  Solodukhov 

Moscow 

The  behavior  of  the  field  of  an  electric  dipole  In  a  plasma  situ* 
ated  In  an  external  magnetic  field  v/as  Investigated  theoretically  and 
e:q)erlmentally.  The  predicted  singularities  In  the  behavior  of  the 
electric  field  were  confirmed  by  ejqjerlment.  The  possibility  Is  dis¬ 
cussed  In  the  paper  of  using  these  singularities  to  measure  the  concen¬ 
tration  of  electrons  In  a  plasma  and  to  measure  the  magnetic  field  In¬ 
tensity. 
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APPLIED  r-tAaL'ETCHYDRCDYirAKICS 


STATUS  AND  PROBLEI-IS  INVOLVED  IN  THE  DEVELOPMENT  OP 
THE  THEORY  OF  ELECTROMAGNETIC  PROCESSES 
IN  INDUCTION  PUMPS  AND  IN  MACHINERY  WITH  OPEN  MAGNETIC  CIRCUITS 

A. I.  Vol'dek 
Tallin 

1.  Investigation  made  by  G.I.  Shturman  of  the  distribution  of 
the  magnetic  field  In  the  air  gap  of  an  Inductor  with  open  magnetic 
circuit.  Development  of  G.I.  Shturman's  research,  a  criticism  of  this 
research,  and  Its  Justification. 

2.  Methods  of  neutralizing  pulsating  fields  with  the  aid  of  end 
pieces,  the  degree  of  their  development,  ^nd  further  problems. 

3-  Windings  with  smooth  variation  of  the  linear  load  on  the  ends 
of  an  inductor  and  the  degree  of  their  development. 

4.  Investigation  of  the  longitudinal  edge  effect  In  the  secondary 
circuit,  status  and  further  problems. 

5-  Losses  In  the  secondary  circuit  due  to  pulsating  fields  of 
the  Inductor . 

6.  Transverse  and  thickness  edge  effects  in  the  secondary  cir¬ 
cuit,  status  of  the  theory. 

7-  Parameters  of  electric  circuits,  design  features,  and  further 


problems. 


TRANSVERSE  EDGE  EFFECT  IN  PLANAR  INDUCTION  PUMPS 
USING  A  LIQUID  METAL  CHANNEL  WITH  CONDUCTING  WALLS 

A. I.  Vol'dek,  Kh.I.  Yanes 
Tallin 

The  main  Factor  that  reduces  the  efficiency  of  a  linear  planar 
Induction  pump  Is  the  transverse. edge  effect  in  the  secondary  circuit. 
The  finite  width  of  the  layer  of  liquid  metal,  2a  (Pig.  l)  gives  rise 
to  current  density  components  directed  along  the  x  axis.  These  com¬ 
ponents  do  not  participate  in  the  production  of  useful  forces,  and 
the  pressure  developed  by  the  pump  decreases  compared  with  the  theo¬ 
retical  pressure  which  would  be  produced  in'  the  case  of  infinitely 
broad  channel  and  inductor  and  in  the  absence  of  a  phase  shift.  In 
practical  cases  the  pressure  is  always  appreciably  smaller  than  the 
aforementioned  theoretical  value  and  in  some  of  our  calculations  it 
does  not  even  exceed  5  or  lOjf. 

An  effective  measure  for  reducing  the  Influence  of  this  effect  is 
to  use  conducting  sidewalls  for  the  channel.  This  is  frequently  real¬ 
ized  by  using  special  short  circuiting  buses  or  even  a  simple  broaden¬ 
ing  of  the  channel  with  nonconducting  walls,  to  extend  beyond  the 
limits  of  the  Inductor.  The  currents  along  the  x  axis  can  flow  in 
this  short  circuiting  strip  (Fig.  2)  and  also  in  the  inductor  zone, 
where  the  distribution  of  the  primary  field  is  assumed  to  be  rectan¬ 
gular  and  the  current  density  lines  are  oriented  to  a  great  degree 
(compared  with  the  dashed  lines  of  Fig.  2,  which  show  the  approximate 
distribution  of  the  current  lines  in  the  case  when  there  are  no  side 
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strips)  In  the  direction  of  the  y  axis. 

In  the  general  case  the  width  2a  of  the  channel,  the  width  2c  of 
the  Inductor  (assumed  width  of  the  primary  field),  and  the  width  2t  of 
the  channel  together  with  the  short  circuited  strips  are  not  equal  to 
one  another.  Let  us  confine  ourselves  to  an  examination  of  two  par¬ 
ticular  cases:  2a  ^  2c  <  2t,  namely  short  circuiting  strips  outside 
the  Inductors,  and  2a  <  2c  =  2t,  namely  short  circuiting  strips  between 
the  Inductors.  The  conductance  of  the  remaining  wails  of  the  channel, 
except  for  the  side  walls,  does  not  exert  any  special  influence  on  the 
current  distribution. 

If  the  field  in  the  gap  Is  assumed  to  be  plane  parallel,  then 
Maxwell's  equations  are  expressed  in  symbolic  form  as  follows  [1] 


d£  (l) 

All  the  components  of  the  field  intensity  except  are  the 
proper  components  of  the  current  in  the  liquid  metal  layer.  The 
quantity 

Ei  =  2T/fla 

represents  the  Induced  electric  field  intensity  due  to  the  primary 
magnetic  field,  in  which  the  maximum  value  of  the  normal  component 
of  the  magnetic  induction  is  B^. 

SHORT  CIRCUITING  STRIPS  OUTSIDE  THE  lOTUCTORS 

Equations  (1)  apply  in  the  form  represented  here  to  the  zone  be¬ 
tween  Inductors,  that  is,  to  zone  I  (see  Fig.  2).  For  zone  II,  that 
is,  for  the  short  circuiting  strips  situated  outside  the  Inductors, 
we  have  E^  =  0.  For  this  zone  we  can  also  neglect  the  magnetic  in¬ 
duction  due  to  the  Induced  currents,  since  the  magnetic  lines  pass 


completely  through  a  nonmagnetic  medium.  Formally  we  can  substitute 
jIq  =  0  In  the  third  equation  of  (l). 


In  solving  this  system  (1)  we  obtain  for  the  magnetic  field 
Intensity  In  zone  I 


«,-C,shXy+C,chXy 

(2) 

Zone  II  we  get  accordingly 

//,  =  Cl*  sh  ay  +  Cj  ch  ay. 

(2a) 

Here  a  =  tt/t  where  t  la  the  pole  pitch. 

(2b) 

where  7'  Is  the  equivalent  specific  conductivity  of  the  medium  in  the 
nonmagnetic  gap.  According  to  Pig.  1, 


To  determine  simultaneously  the  four  Integration  constants  we 
make  use  of  the  following  boundary  conditions: 

In  zone  I 

(3) 

In  zone  II 
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l!:. 


-2e- 


3 


tr  «r, 

■..V:  I 


•2a- 


-2f 


(4) 


Pig.  2 

t4/!i=“tAW 

i,i,=£4. 

The  last  two  relations  are  the  continuity  conditions  for  the 
normal  components  of  the  current  density  and  for  the  tangential  com> 
ponents  of  the  electric  field  Intensity  on  the  boundaries  between 
zones  I  and  II. 

Finally,  the  Intensity  of  the  magnetic  field  and  the  useful 
component  of  the  current  density  In  zone  I  will  be 

fi _ «TChly  _ 1 

*  1*  I  —  c)sh).cj’ 

8  _ 7r'cW.y _ ^1 

V-  X2  *Ych>.c  +  Y,/.thxC/-c)shlrJ'  (6) 

The  mean  pressure  over  the  width  of  the  channel  will  be 

P^-^Re  (7) 

where  k  is  the  so-called  attenuation  coefficient  and  p«,  Is  the 
os  ^0 

pressure  for  an  Infinitely  broad  channel  and  infinitely  broad  In¬ 


ductor,  and  In  the  absence  of  a  phase  shift  between  5  and  B  . 

y  A 


XTSblf 


]• 


ch)-c  +  l7,thx(/  — c)shicj 
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(8) 


r. 

■  f 
|. 

I- 


k-' 


(9) 


When  t  =  c  or  when  =0,  Eq.  (8)  becomes 

.  _  »»/,  lhlc\ 

which  coincides  with  (12)  In  [1]. 

When  Y2  ^  obtain  from  (8)  and  (2b) 

L  o  * 


(10) 


(11) 


In  this  case  Is  due  only  to  the  presence  of  the  phase  shift 

between  a„  and  B. . 

y  d 

If  the  specific  conductivity  y  Is  so  small  that  e  «1  and  we  can 
put  X  =  a  then  we  obtain  from  (11)  =*  1  and  from  (8) 


star 


ar  [Cha^  +  ^  lha  (/  —  c)  shat) 


(12) 


If  the  side  wall  of  the  channel  Is  actually  nonconducting,  but 
the  width  of  the  channel  exceeds  the  width  of  the  Inductor  2a  2t  >  2c, 
then  k^g  Is  determined  from  (8)  with  Yg  “  T*  1^*  1^  addition  e«l  and 
we  can  put  X  =  then 


shafcha(<  —  e) 


arch  a/  '  (13) 

The  average  pressure  over  the  entire  width  of  the  channel  de¬ 
creases  here  further  by  c/t  times.  Consequently 

c . 

P  “Pt  g  "«€• 

SHORT  CIRCUITING  STRIPS  BETWEEN  CONDUCTORS 

If  the  conducting  side  strips  are  situated  In  zone  2c,  that  Is, 
between  the  Inductors  (Fig.  3)»  the  Induced  electric  field  intensity 
In  the  short  circuited  strips  differs  from  zero.  For  zones  I  and  II 
we  have’ for  the  magnetic  field  Intensity  expressions  analogous  to  (2). 
Only  the  specific  conductances  y  and  7g  differ  In  the  two  zones.  For 
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a  simultaneous  determination  ol"  the  four  Integration  constants  It  Is 
necessary  to  replace  in  conditions  (3)  t  by  c  and  c  by  a. 

Finally,  the  Intensity  of  the  magnetic  field  and  the  useful  com¬ 
ponent  of  the  current  density  In  zone  I  will  be  given  by 


_ !(>}  ~7p-nchl,(r-rt)  \ 

— ii)  sh/.a + — a)  cli>^]j* 

A.  (vP-sh)^  (c  —  a)  sh/ji  +  —  <i)cb/^l  /’ 


The  average  pressure  over  the  width  of  the  channel  is  determined 
from  the  Integral  (7) .  The  attenuation  coefficient  assumes  in  this 


case  the  form 


_ sh/.a  Ky?.*  -  chlg  (c  -  a) + V 

/.a't-i  IvyshXj  (c  —  n)  sh/.a  +  (a  “  “)  ch/^j|  * 

When  a  =  c  expression  (l6)  turns  into  (10) .  When  =  0  and  >g  =  o, 
that  is,  when  the  pvimp  channel  is  narrower  than  the  inductor  but  there 
are  no  short  circuiting  strips,  the  expression  for  k  is  similar  to 

03 

(lO),  except  that  £  is  replaced  by  £. 

When  Yg  =  w  and  Xg  =  “>»  expression  (l6)  turns  Into  (ll). 

When  Yg  =  y  and  Xg  =  x,  expression  (l6)  simplifies  to 


‘--'"Sl'-iSfe)- 


If  the  width  of  the  channel  2a  Is  redviced  to  zero  expression 
(l6)  for  k  assumes  In  the  limit  the  form 


If  the  specific  conductivities  y  and  Y2  so  small  that  e  «  1 
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2a 


il 


I 


Jr  I  m 


1 


2t 


2C 


Pig.  3 


anie2«  1,  and  therefore  we  can  put  \  = 
=  >2=0,  we  obtain  from  (l6)  for  the 
attenuation  coefficient 

k  =,1 _ -Y)c!i«(f — a)l  - 

'*  aa  Iyj  sh  z  (c  —  a)  sii  ta  ^  Y  ch  X  (c— <i}chza) 

This  expression  disregards  the  In¬ 
ductance  of  the  secondary  circuit,  and 
the  current ^distribution  Is  determined 


only  by  the  specific  conductances.  When  »  y  the  value  of  k  ap- 

«  os 

proaches  the  limit 

I  — ch«(g — a) 


'L 


r«»» 


>1 


«u>shz(c  — a)  *, 


(20) 


If  the  specific  conductivities  are  small  and  the  channel  narrow, 
cases  are  possible  when  the  coefficient  of  attenuation  becomes  even 

greater  than  unity  In  the  presence  of  short  circuiting  strips  between 
the  Inductors. 

*  »  *  * 

Table  1  compares  the  results  of  the  calculation  of  the  attenua¬ 
tion  coefficient  by  means  of  formula  (12),  variant  1  and  by  formula 
(19),  variants  2-4,  for  different  ratios  of  the  specific  conductivities 
In  variants  1,  3,  and  4  the  width  of  the  Inductor  is  85.2^  of  the 
pole  pitch.  In  variant  1  there  Is  a  short  circuiting  strip  outside  the 
Inductors.  Furthermore,  t  _  c  =  0.43  c.  In  variants  3  and  4  the  width 
of  the  channel  Is  smaller  than  the  width  of  the  Inductor,  and  c  -  a 
Is  respectively  equal  to  0.43  c  and  0.86  c.  In  variant  2  there  Is  an 
Inductor  with  conducting  strips  of  the  same  width  as  In  variant  1. 


The  second  column  of  the  table  shows  the  relative  widths.  Comparison 
of  the  first  and  second  variants  shows  that  at  the  ratios  under  con¬ 
sideration  an  Increase  In  the  width  of  the  Inductor  to  the  outer 
edges  of  the  conducting  strips  does  not  produce  any  special  additional 
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effect.  However,  If  we  narrow  down  In  this  case  the  channel  within 
the  limits  of  the  Inductor  and  employ  highly  conductive  strips  up  to 
the  width  of  the  Inductor,  the  attenuation  coefficient  Increases  by 
several  times.  This  procedure  of  course  Increases  only  the  pressure, 
and  decreases  the  delivery  of  the  pump. 

Expression  (l8)  was  checked  experimentally  for  =  y.  The 
mechanical  forces  were  determined  using  two  brass  plates  In  the  air 
gap  of  the  Inductor.  One  plate  had  a  width  equal  to  that  of  the  In¬ 
ductor,  and  the  second  was  broader,  that  is,  t  »  1.43  c.  In  this 
case  a  »  0.214  and  e  »  1*694,  c/t  =  0.476.  The  attenuation  coefficient 
as  given  by  (10)  Is  0.243  and  as  given  by  (l8)  Is  0.338,  that  Is, 

Is  Increased  by  a  factor  of  1.39.  The  ratio  of  the  mechanical 
forces  In  the  experiment  was  I.38. 


TABLE  1 


.  1  1 
,V: 

1  2 

1  KtHprtRM 

-? 

, 

jn-cD 

‘  1 

£  ..-£,-,0.476 

t  t 

4 -.0.031  j 

1  «',3',i5 

1 

1 

!  H.&  I) 

^  0,700 

i 

1 

0,901 

0,999 

I 

2 

1 

£=.4=0.68*  1 

•  • '  1 

j  £.-0,475 

0..395 

(>,670 

1 

J 

0,305 

1,074 

1 

i.:o4 

1.207 

3 

1 

£-,  4^0.^^5 

4  =  0.27*  j 

0,1 37 

0.513' 

1  0,705 

i.irs 

1,375 

1,362 

4 

4=  4  ='*’•*76  . 

£-.0.0631 

1 

0,015 

0.36.3 

j  0,930 

2,35 

3.'5 

1 

'  3.68  ■ 

1)  Number  of  variant;  2)  relative  widths. 
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LONGITUDINAL  EDGE  EFFECT  IN  SECONDARY  CIRCUIT  OP 
LIQUID  IffiTAL  INDUCTION  PW4PS  WITH  OPEN  MAGNETIC  CIRCUIT 

A. I.  Vol'dek,  Kh.K.  Ross 
Tallin 

1.  The  longitudinal  edge  effect  in  the  secondary  circuit  mani¬ 
fests  Itself  In  the  fact  that  the  secondary  currents  "leak  away"  be¬ 
yond  the. limits  of  the  active  zone,  and  consequently  the  power  losses 
in  the  secondary  circuit  increase  and  certain  other  side  effects 
appear.  This  problem  must  therefore  be  Investigated  in  greater  detail. 

2.  The  theoretical  problem  is  Investigated  by  electromagnetic 
field  theory  methods.  Formulas  are  derived  for  the  determination  of 
the  necessary  quantities. 

3.  The  character  of  variation  of  the  secondary  fields  of  the 
edge  effect  and  of  the  corresponding  distribution  of  the  currents  in 
the  secondary  circuit  Is  Investigated. 

4.  The  significance  of  the  secondary  fields  and  currents  with 
respect  to  the  aforementioned  edge  effect  Is  analyzed. 

5.  The  problem  is  investigated  without  account  of  the  Influence 
of  the  magnetic  fields  of  the  given  edge  effect. 

6.  The  question  of  losses  due  to  the  corresponding  circuits  in 
the  secondary  circuit  Is  considered. 
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EQUIVALENT  CIRCUIT  OP  D.C.  PUMP  CHANNEL 

Yu.  A,  Blrzvalk 
Riga 

Conformal  mapping  is  used  in  the  paper  to  solve  the. problem  of 
the  distribution  of  the  potential  in  the  edge  zone  of  a  d.c.  pump. 
Based  on  the  solution,  an  equivalent  circuit  is  derived  for  the  pump 
channel,  in  which  account  is  taken  (within  the  limits  of  the  assump¬ 
tions  made)  of  all  the  singularities  that  are  Introduced  by  the 
longitudinal  edge  effect. 

The  parameters  of  the  equivalent  circuit  are  calculated  with  the 
aid  of  dimensionless  so-aalled  current  coefficients  c,  numerical 
values  of  which  are  summarized  in  a  table  and  are  plotted  as  functions 
of  two  quantities  —  the  relative  pole  excess  and  the  ratio  of  the 
width  of  the  channel  to  the  size  of  the  nonferromagnetic  gap. 

The  energy  properties  of  the  edge  zone  of  the  pump  are  analyzed 
and  ideas  are  advanced  concerning  the  rational  choice  of  the  pole 
axis. 

A  detailed  report  of  the  content  of  the  work  can  be  found  in  the 
article  "Equivalent  Circuit  for  a  D.C.  Pump  Channel  and  Design  of 
Pump  for  Maximum  Efficiency"  published  in  the  twelfth  collected  works 
of  the  Institute  of  Physics,  Academy  of  Sciences  of  the  Latvian  SSR 
"Applied  Magnetohydrodynamics"  (Riga  I96I). 
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DETERMINATION  OF  CERTAIN  PARAMETERS 
OP  ELECTROMAGNETIC  PUMPS  WITH 
THE  AID  OP  AN  ELECTROLYTIC  TROUGH 

L.V.  Nitsetskly,  E.K.  Yankop 
Riga 

At  the  first  conference  on  problems  of  applied  and  theoretical 
magnetohydronamics,  the  feasibility  was  demonstrated  of  using  electro 
lytic  troughs  and  other  potential  models  for  the  investigation  of 
fields  with  continuously  distributed  emf’s.  In  paper  [1],  the  general 
principles  of  such  modeling  were  established  and  examples  were  pre¬ 
sented  of  the  solution  of  problems  connected  with  electromagnetic 
pumps.  The  boundary  conditions  were  specified  in  the  course  of  model¬ 
ing  on  the  basis  of  representing  the  normal  component  of  the  current 
density  on  the  boundaries  of  the  operating  region  of  the  pump,  J^, 
in  the  form  of  a  sum  of  terms: 

/,=/y,+y„+7.j.  (1) 

where  is  the  component  due  to  the  motion  of  the  liquid  in  the 
magnetic  field  (induced  component); 

Jni  is  the  component  due  to  external  voltage  applied  to  the 
electrodes; 

component  that  takes  into  account  the  influence  of 
the  pump  channel  walls. 

Integrating  (l)  over  the  area,  we  obtain  a  relation  between  the 
current  functions  similar  to  formula  (l) 


/-/.  +  /1  +  /1. 
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where  the  r.eanlng  of  all  the  quantities  Is  analogous  to  the  meaning 
of  the  corresponding  quantities  In  (l). 

The  terra  Iq  was  calculated  while  the  terras  1^  and  Ig  were  ob¬ 
tained  by  modeling  In  an  electrolytic  trough. 

References  [1]  and  [2]  presented  data  obtained  with  the  aid  of 
a  direct  modeling  system.  In  which  the  current  lines  In  nature  corres¬ 
ponded  to  analogous  current  lines  on  the  model.  However,  what  is 
measured  directly  on  the  model  are  the  potentials,  so  that  it  is 
difficult  to  change  over  to  the  currents  and  a  special  calculation 
procedure  must  be  developed. 

This  shortcoming  can  be  eliminated.  Using  the  equivalents  of  the 
equlpotentlal  lines  and  of  the  current  lines  In  plane-parallel  fields. 
It  Is  proposed  to  employ  a  reciprocal  or  dual  modeling  system.  In  the 
reciprocal  circuits,  the  conductors  on  all  boundaries  are  replaced  by 
dielectrics  and  the  dielectrics  are  replaced  *8y  conductors.  Because 
of  this,  the  equlpotentlal  lines  and  the  current  lines  are  Inter¬ 
changed.  Thus,  the  current  lines  in  nature  correspond  here  to  the 
equipotentlals,  thus  greatly  facilitating  the  calculations  and  simpli¬ 
fying  the  modeling. 

The  potential  on  a  plane  model  is  proportional  to  the  value  of 


the  current  Ij^  between  the  point  where  the  given  potential 


Is  de¬ 


termined,  and  the  point  where  the  potential  Is  assumed  equal  to  zero. 


that  Is, 


/,=^c.r„ 

where  C  Is  a  constant.  The  determination  of  the  constants  and  the 
calculation  procedure  are  described  In  [3]« 

The  influence  of  partitions  on  the  effectiveness  of  the  pump 
operation  was  detemlned  with  the  aid  of  dual  models.  The  effect ive- 
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ness  v;as  estlirated  from  the  ratio  of  the  stray  cui*rent  to  the  pro¬ 
ductive  current  1^,  equal  to 

•  t 

where  a  Is  the  distance  between  electrodes  and  s  is  the  area  of  the 
cross  section  of  the  working  zone,  parallel  to  the  surface  of  the 
electrodes,  passed  at  a  distance  x  from  one  of  the  electrodes. 

In  the  dual  model,  the  current  is  proportional  to  the  average 
potential  on  the  boundary  of  the  working  zone.  The  determination  of 
the  average  potential  was  carried-  out  with  the  aid  of  a  series  of 
probes  installed  on  the  entire  boundary  at  equal  distances  from  one 
another,  and  the  average  potential  was  measured  directly  by  a  pointer 
type  Instrument  with  the  aid  of  a  simple  summing  unit. 

The  stray  current  1^  was  determined  as  the  difference  between  the 
total  current  I  (corresponding  to  the  voltage  applied  to  the  electrodes 
of  the  dual  model)  and  the  productive  current*Ip. 

Measurements  of  the  ratios  I„/l„  were  carried  out  for  a  different 

s  p 

number  of  partitions  n  and  for  different  partition  lengths,  d,  and  it 
turned  out  that  this  ratio  is  almost  directly  proportional  to  the 
length  of  the  electrode  1  and  inversely  proportional  to  the  distance 
between  electrodes  a. 

This  made  It  possible  to  reduce  appreciably  the  number  of  plots, 

for  the  quantity  I_/l_  could  be  replaced  by  the  quantity  k  =  I  /l  -l/a. 

s  p  s  p  — 

For  example.  It  turned  out  that  for  a  stationary  liquid  the  ratio 
Is 

I,a 

It  Is  obvious  that  for  a  specific  pump  with  a  known  ratio  l/a 
no  great  difficulty  Is  entailed  In  determining  Ig/lp» 
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If  a  single  partition  is  Installed,  the  value  of  k  depends  not 
only  on  the  length  of  this  partition,  but  also  on  Its  position.  The 
smallest  value  v/as  assumed  by  k  when  the  partition  was  placed  along 
the  channel  axis.  The  discrepancy  of  the  values  of  k  as  a  function  of 
the  ratio  lya  did  not  exceed  7$^. 

Figure  1  shows  curves  of  k  as  a  function  of  the  ratio  d/a  for  the 

**  m 

optimal  partition  position,  when  k  Is  minimal. 

It  is  clear  from  the  curves  that  by  using  one  partition  It  Is 
possible  to  Improve  k  by  approximately  30^.  It  Is  also  seen  from  the 
curves  that  (1-2) a  Is  a  sufficient  length  for  the  partition. 

Further  Increases  in  the  length  did  hot  yield  a  noticeable 
effect,  and  It  Is  possible  that  the  hydrodynamic  losses  causes  by 
the  longer  length  of  the  partition  will  offset  the  reduction  In  the 
leakage  of  the  current,  so  that  a  partition  of  considerable  length 
Is  obviously  undesirable. 

In  place  of  using  one  long  partition,  it  is  better  to  Install 
two,  three,  or  more  shorter  ones. 

Three  partitions  of  length  d  =  a  attenuate  the  leakage  of  the 
current  by  more  than  a  factor  of  2. 

If  the  liquid  Is  In  motion,  this  relation  changes  appreciably. 

No  general  laws  were  observed  here,  but  for  each  specific  pump  with  a 

definite  data  It  Is  possible  to  calculate  here  the  current  ratio  I  /l 

s  p 

on  the  basis  of  the  procedure  proposed. 

It  is  very  simple  to  calculate  these  relations  for  a  case  when 
the  magnetic  field  beyond  the  limits  of  the  zone  bounded  by  planes 
passing  through  the  edges  of  the  electrodes  Is  assumed  to  be  very 
small  and  can  be  neglected.  Then  the  boundaries  of  the  active  zone, 
which  coincide  with  the  boundaries  of  the  magnetic  field,  will  pass 
through  these  planes  and  the  motion  of  the  liquid  will  cause  only  a 


change  In  the  productive  current: 


The  ratio  Ig/lp  dvizh  worse,  so  that  the  use  of  partitions 

becomes  more  Justified  and  necessary.  On  the  other  hand.  If  the  magnet¬ 
ic  field  Is  still  appreciable  beyond  the  limits  of  the  electrodes.  It 
Is  necessary  to  determine  the  boundary  of  the  magnetic  field  (the  line 
beyond  which  the  Influence  of  the  field  can  be  neglected)  and  to 
mount  the  probes  on  this  boundary.  The  productive  current  Is  determined 
by  starting  from  the  average  potential  on  this  boundary,  but  the 
currents  Iq  and  Ig  must  also  be  taken  Into  account  here. 

Another  example  of  the  use  of  dual  models  Is  for  the  determination 
of  the  parameters  of  the  equivalent  circuit  of  the  pump. 


To  determine  the  parameters  of  the  equivalent  circuit  of  the 


I  for  stationary  liquid.  Then  the  resistance  to  the  productive 

3 

current  In  the  liquid  Is 


f^p  I  • 

V 


(2) 


and  the  resistance  to  the  stray  current  In  the  liquid  is 
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(3) 


where  Ujj  Is  the  voltage  applied  to  the  puir.p. 

We  see  that  calculation  of  parameters  by  means  of  the  proposed 
method  Is  elementary.  On  the  other  hand,  to  determine  these  parameters 
analytically  Is  quite  difficult. 

Dividing  (2)  by  (3)  we  get 


Thus,  the  curves  In  Fig.  1  enable  us  also  to  estimate  the  ratio  Rn/^-* 

P  “ 

A  third  example  of  the  use  of  dual  models  is  to  determine  the 
form  of  the  pole  piece,  at  which  the  ratio  of  the  current  density  in 
the  liquid  to  the  magnetic  field  Induction  would  obey  a  definite  law. 
In  particular,  some  authors  Indicate  that  It  is  desirable  that  this 
ratio  be  constant  at  all  points  of  the  working  zone. 

To  determine  the  required  ratio  we  can  use  successive  modeling 
of  the  magnetic  field  and  the  current  field.. 

The  modeling  of  the  magnetic  field  has  been  well  developed  and 
described  in  many  papers  (see,  for  example,  [4]).  By  specifying  a 
certain  pole  piece  form,  we  determine  with  the  aid  of  the  model  the 
law  of  the  field  distribution.  Then,  using  the  obtained  distribution 
for  the  magnetic  field,  we  determine  the  distribution  of  the  current. 

A  comparison  of  the  two  obtained  relationships  demonstrates  the 
character  of  their  ratio  In  all  the  points  of  Interest  to  us  and 
simultaneously  allows'  us  to  draw  conclusions  concerning  what  ways 
to  follow  in  changing  the  form  of  the  pole  piece  In  order  to  obtain 
the  desired  ratio.  If  the  present  ratio  does  not  satisfy  the  designer. 
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EXPERIMENTAL  INVESTIGATION  OF  PLANAR  INDUCTION  PUMPS 

A. I.  Vol'dek,  Kh.I.  Yanes 
Tallin 

In  solving  theoretical  and  practical  problems  In  the  field  of 
electromagnetic  pumps.  It  Is  particularly  Important  to  carry  out  an 
experimental  Investigation  of  the  corresponding  problems.  Only  an  ex¬ 
perimental  Investigation  of  ready  made  pumps  or  models  can  cover  the 
entire  aggregate  of  the  complicated  electromagnetic  processes. 

An  experimental  model  of  a  planar  two-way  Induction  pump  with 
two-way  three-phase  double-layer  diametral  winding  and  open  slots  was 
Investigated  at  the  Tallin  Polytechnic  Institute.  The  measurements  were 
carried  out  principally  with  a  35  mm  nonmagnetic  gap.  The  cross  section 
or  the  equivalent  conductor  In  the  Inductor  winding  was  6.I8  mm*'.  With 

O 

the  current  density  In  the  winding  at  2.5  a/mm  ,  the  total  power  was 
8.5  kva.  The  winding  was  of  the  four-pole  type  with  two  slots  per 
pole  and  per  phase.  The  arrangement  of  the  coil  sides  of  the  indi¬ 
vidual  phases  In  the  Inductor  slots  Is  shown  in  Pig.  1  under  the  x 
axis . 

On  the  ends  of  the  Inductor  there  are  the  so-called  correcting 
coils,  one  side  of  each  filling  the  slots  in  the  active  zone  (2pT, 

24  slots),  and  the  other  side  of  each  located  in  the  extreme  three 
slots.  The  measurements  and  observations  of  the  current  and  voltage 
curves  by  means  of  an  oscillograph  have  shown  that  the  circuit  is 
linear,  but  the  phases  are  asymmetrical.  The  phase  which  Is  centrally 
located  on  the  Inductor  with  respect  to  the  placement  of  the  windings  • 


(c-z)  has  9/^  less  Inductance  than  the  outside  phases.  The  mutual  In¬ 
ductance  between  two  outside  phases  Is  335^  less  than  the  mutual  Induc¬ 
tance  between  the  central  phases  and  any  of  the  outside  phases. 

When  the  correcting  colls  are  not  connected,  the  Inductances  of 
the  phases  are  equal,  but  the  mutual  Inductance  between  the  outer 
phases  Is  60^  leas  than  the  mutual  Inductance  between  the  central 
phase  and  the  outside  phase. 

If  the  system  of  line  voltages  Is  symmetrical,  the  phase  currents 
differ  by  6^,  and  If  no  correcting  colls  are  used,  they  differ  by  20$^. 


Pig.  1.  l)  Gausses/ampere, 


An  Investigation  of  the  distribution  of  the  magnetic  Induction 
was  carried  out  by  means  of  probing  with  an  electrical  coll  with 
diameter  7.5/3«5  nun  and  height  3-0  mm.  A  magnetic  Induction  of  1.32 
Gauss  produced  a  voltage  of  1  mv  at  50  cps.  The  measurements  were  with 
an  MVL-2M  vacuum-tube  voltmeter  with  a  10-mv  scale. 

The  distribution  of  the  transverse  component  of  the  electric 
Induction  at  no  load  over  the  length  of  the  Inductor  Is  plotted  In 
Fig.  1.  The  measurements  were  carried  out  along  the  axis  of  the 
Inductor  with  a  gap  of  35  nun,  at  a  height  of  5  cun  above  the  surface 
of  the  teeth.  The  Induction  curves  are  shown  for  a  1  ampere  current 
In  the  winding.  The  curve  B^(x)  Is  plotted  with  the  outside  phase  fed 


with  current.  The  curve  Bg2(^)  plotted  with  the  central  phase  fed 
with  current.  The  curve  Bq(x)  pertains  to  three-phase  current  supply, 
with  the  correcting  colls  Included.  If  the  Inductor  would  contain  all 
the  normal  traveling  field,  then  the  Bq(x)  curve  would  have  no  drop¬ 
ping  portions  In  the  center  of  the  Inductor  and  at  the  ends,-  but  only 
,the  wavlness  due  to  the  teeth.  The  Influence  of  the  tooth  harmonics 
Is  strong  near  the  surface  of  the  teeth. 

The  curves  of  Pig.  2  show  the  values  of  the  transverse  component 
of  the  magnetic  Induction  at  the  center  of  the  air  gap,  with  the 
curve  Bq(x)  corresponding  to  three-phase  excitation  of  the  windings 
with  correcting  colls,  and  B^j^(x)  pertaining  to  windings  without  the 
correcting  colls.  The  Influence  of  the  correction  Is  clearly  seen  on 
these  cuz*ves. 


Pig-  2.  1)  Gauss/amp;  2)  field. 

The  effect  of  secondary  currents  on  the  resultant  magnetic 
field  Is  seen  In  Fig.  3-  Both  curves  represent  the  distribution  of 
the  transverse  component  of  the  magnetic  Induction  at  a  height  of  5  nun 
above  the  surface  of  the  teeth  with  three-phase  excitation.  The  curve 
Bq(x)  Is  the  no-load  curve.  The  B(x)  curve  was  plotted  In  the  presence 
of  b  brass  plate  5  nun  thick,  with  width  and  length  the  same  as  of  the 
Inductor  (l4o  X  750  mm)  In  the  center  of  the  Inductor.  The  resultant 
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Induction  for  the  same  value  of  the  current  and  averaged  over  the 
entire  length  of  the  Inductor  was  much  less.  However,  In  that  end 
of  the  Inductor  where  the  traveling  field  goes  out  of  the  Inductor, 
the  secondary  current  field,  as  can  be  seen  on  the  left  side  of  the 
plot.  Intensifies  the  primary  field. 

The  variation  of  the  transverse  component  of  the  magnetic  In¬ 
duction  in  a  direction  transverse  to 
the  Inductor  axis  is  shown  In  Fig.  4. 
The  curves  B(y)  were  plotted  on  the 
axis  of  the  tooth  at  a  height  of 
9  mm  above  the  surface  of  the  tooth. 
The  upper  curve  corresponds  to  no- 
load.  The  three  lower  curves  are 
plotted  In  the  presence  of  a  5  nim 
brass  plate  In  the  center  of  the 
gap,  with  a  width  of  120,  l40  (width 
of  the  Inductor)  and  200  mm,  re¬ 
spectively.  The  secondary  currents 
screen  the  field  In  the  central  por¬ 
tion  of  the  Inductor  width.  The 


Pig.  4.  1)  Gauss/aunpere. 
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variation  of  the  transverse  ccr.ponent  of  ir.agr.etlc  Induction  over  the 
thickness  of  the  gap  Is  shown  for  no-load  In  the  form  cf  the  Bq(z) 
plot  In  Pig. ,4. 

The  time  phase  of  the  magnetic  Induction  or  of  the  magnetic 
flux  Is  determined  from  the  phase  of  the  Induced  emf  In  the  measuring 
coll.  The  phase  of  the  emf  Is  determined  with  the  aid  of  a  cathode 
ray  oscillograph.  Two  voltages  are  applied  simultaneously  to  the  Input 
of  the  oscillograph,  one  from  the  measuring  coll  and  the  secondary 
voltage  from  a  three-phase  Induction  regulator.  By  turning  the  rotor 
of  the  regulator,  the  phase  of  the  secondary  voltage  Is  varied  until 
the  Llssajous  ellipse  on  the  screen  of  the  oscillograph  becomes  a 
straight  line.  The  position  of  the  Induction  regulator  rotor  deter¬ 
mines  the  phase  of  the  measuring  coll  emf. 

The  variation  of  the  phase  of  the  transverse  component  of  the 
magnetic  Induction  along  the  length  of  the  Inductor  Is  shown  In  Figs. 

2  and  3  at  no  load.  In  addition  to  the  magnitude,  the  phase  of  the 
Induction  was  determined  In  a  segment  several  tooth  pitches  wide. 

The  results  of  the  Induction  measurements  are  represented  by  vectors 
starting  at  the  corresponding  points.  The  angles  between  the  vectors 
correspond  to  the  phase  shifts.  At  the  center  of  the  gap  (see  Fig.  2) 
the  phase  varies  smoothly.  On  the  surface  of  the  inductor  (see  Fig.  3)  t 
the  phase  changes  abruptly  In  the  slots  and  has  a  constant  magnitude 
within  the  limits  of  each  tooth. 

To  determine  the  pulsating  components  in  the  magnetic  field  of 
the  inductor,  the  magnitude  and  phases  of  the  fluxes  of  all  four 
poles  and  the  two  end  parts  of  the  Induction  outside  the  active  zone 
were  measured.  Parts  of  these  fluxes  are  show  schematically  In  the 
upper  part  of  Fig.  2.  The  results  of  the  measurements  are  shown  for 
three-phase  supply  In  the  form  of  a  vector  flux  diagram  on  Fig.  5a  for 
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a  winding  with  correcting  colls  and  on  Fig.  5b  wlthoi:t  the  correcting 
colls.  Also  shown  are  the  resultant  fl;xes  of  the  entire  active  zone, 
and  the  resultant  fluxes  of  the  two  halves  of  the  active  zone, 

*34'  These  resultant  fluxes  characterize  the  pulsating  compo¬ 
nents  in  the  magnetic  field.  The  flux  characterizes  the  pulsating 
components,  which  according  to  the  equations  of  Professor  G.I.  Shturman 
has  a  hyperbolic  cosine  distribution,  and  the  difference  between  the 
fluxes  $22  *34  characterizes  the  pulsating  component,  which  has 

a  hyperbolic  sine  distribution.  Prom  the  diagrams  of  Pig.  5  we  can 
conclude  that  the  collecting  colls  of  the  double-layer  winding  almost 
completely  cancel  the  pulsating  component  which  has  a  hyperbolic  sine 
distribution,  while  the  component  with  the  hyperbolic  cosine  distribu¬ 
tion  is  highly  suppressed. 


Pig.  5 

Other  magnetic  m.easurem.ents  with  the  aid  of  special  colls  have 
established  the  stray  fluxes  from  all  the  surfaces  of  the  Inductor  arid 
the  stray  fluxes  of  the  end  parts  of  the  windings.  _ 
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To  Investigate  the  nagnetlc  field  of  the  Inductor,  one  can  make 
successful  use,  as  shown  above,  of  the  method  of  probing  the  magnetic 
Induction  and  measuring  the  magnetic  fluxes  along  with  a  determination 
of  the  phase  relationships. 
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DESIGN  OP  D.C.  PUMP  FOR  MAXIMUM  EFFICIENCY 

,  Yu. A.  Blrsvalk 

Riga 

The  paper .considers  some  or  the  most  Important  problems  In  the 
design  of  a  d.c.  ptunp,  with  limitation  to  compensated  pumps  with 
series  excitation. 

•  • 

The  conditions  on  which  the  efficiency  of  the  pump  design  depends 
are  divided  Into  two  groups  —  external  and  Internal. 

The  external  conditions  determine  the  choice  of  specific  load, 
while  the  Internal  conditions  determine  Jthe  rational  combination  of 
specific  loads,  design  dimensions,  and  number  of  turns  of  the  pump 
such  as  to  ensure  pump  operation  (in  the  nominal  mode)  at  maximum 
efficiency.  Considerations  are  advanced  regarding  the  choice  of  the 
specific  loads,  and  their  Influence  on  the  performance  of  the  pump  Is 
considered. 

The  limitations  Imposed  by  the  discrete  number  of  turns  are 
analyzed.  The  main  relationship  between  the  magnetic  induction,  the 
electromagnetic  pressure,  the  nuiober  of  turns,  and  three  dimensionless 
coefficients,  namely  the  saturation  coefficient,  the  ratio  of  the 
total  current  to  the  productive  current,  and  the  ratio  of  the  gap  to 
the  height  of  the  pump  channel,  are  established  and  analyzed. 

The  concepts  of  relative  productivity  ^  and  relative  pressure  p 
are  Introduced  and  used  to  investigate  the  maximum  pump  efficiency 
conditions  In  two  modes:  with  the  current  constant  and  with  the 
supply  voltage  constant.  It  Is  shown  that  the  maximum  electromagnetic 
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efficiency  occurs  In  both  itodes  for  an  equal  value  of  the  productivity, 
characterized  by  the  criterion  "relative  optlr.al  productivity  The 

Influence  of  the  hydraulic  pump  losses  Is  considered. 

Previously  known  criteria,  such  as  the  "optimal  slip"  of  V/att 
and  "optimal  induction"  of  Barnes  are  analyzed.  It  Is  shown  that 
they  are  particular  cases  of  the  proposed  criterion  1^. 

A  detailed  exposition  of  the  content  of  the  work  can  be  found  In 
the  article  "Equivalent  Circuit  for  a  D.C.  Pump  Channel  and  Design 
of  Pump  for  Maximum  Efficiency,"  published  In  the  twelfth  collection 
of  the  works  of  the  Institute  of  Physics  of  the  Academy  of  Sciences, 
Latvian  SSR  "Applied  Magnetohydrodynamics"  (Riga,  I96I). 
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CENTRIFUGAL  INDUCTION  PUMP 

A.K.  Veze,  I.M.  Klrko,  O.A.  Llelausls 
Riga 

If  a  closed  cylindrical  vessel  with  liquid  metal  Is  placed  In  a 
vertical  stator  of  an  Induction  motor,  then  the  rotating  magnetic 
field  will  cause  the  metal  to  rotate.  A  pressure  difference  due  to  the 
centrifugal  forces  Is  produced  between  the  axis  of  the  vessel  and  the 
periphery.  Consequently,  such  a  system  Is  a  simple  modification  of 
an  induction  pump.  In  the  present  work  we  Investigated  a  laboratory 
model  or  such  a  centrifugal  induction  pump  both  in  the  pumping  mode 
and  in  the  batching  mode. 

A  plastic  vessel  with  diameter  d  =  7.3  cm  and  height  had  was 
placed  In  the  stator  of  an  Induction  motor  with  one  pair  of  poles  and 
with  pole  pitch  T  =  22  cm.  The  stator  was  fed  with  alternating  current 
of  frequency  50,  100,  and  200  cps.  The  maximum  current  used  was  I  =  15 
amperes,  corresponding  to  a  magnetic  field  induction  on  the  surface  of 
the  vessel  B  =  400  Gauss.  The  liquid  metal  was  mercury  at  room  temper¬ 
ature.  The  mercury  was  fed  to  the  pump  through  an  inlet  in  the  center 
of  the  bottom  of  the  vessel  and  was  removed  through  a  tube  at  the 
edge  of  the  cover. 

The  pressure  p  developed  by  the  pump  (in  millimeters  of  mercury) 
was  determined  from  the  difference  In  the  level  of  the  mercury  column 
In  glass  tubes  placed  at  the  center  and  on  the  periphery  of  the  vessel, 
while  the  productivity  of  the  pump  Q  in  cm^/sec.  was  determined  from 
the  liquid  flow. 
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The  pump  characteristics  p  =  f(Q)  were  plotted  for  the  peculiar 
static  and  total  pressure  at  different  current  frequencies  and  at 
different  currents  In  the  stator  winding.  To  plot  the  "static"  pres¬ 
sure,  due  only  to  the  centrifugal  forces,  the  end  of  the  outlet  tube 
was  placed  in  the  plane  of  the  wall,  that  Is,  parallel  to  the  flow. 

To  plot  the  total  pressure,  the  end  of  the  tube  was  directed  against 
the  stream. 

To  describe  the  operation  of  the  described  setup  as  a  ptunp. 

Fig.  1  shows  the  dependence  of  the  relative  pressure  p/Pq  on  the 
relative  productivity 

. 

where  Pq  Is  the  pressure  developed  by  the  pump  at  a  productivity  Q  »  0 

t 

p  Is  the  density  of  the  liquid  metal. 


Fig.  1 


Curve  1  pertains  to  the  case  of  total  pressure,  while  curve  2 
pertains  to  the  case  of  static  pressure. 

The  centrifugal  Induction  pump  can  be  used  also  as  a  batching 
unit.  Figure  2  shows  the  working  characteristics  of  such  a  batching 


unit  —  the  delivered  r.ercury  batch  V  In  cm^  as  a  function  of  the  tlir.e 
t  during  which  the  pressure  Is  turned  on  at  a  current  I  =  14.4  amperes 
and  a  frequency  50  cps .  The  same  figure  shows  the  dependence  of  the 
batch  on  the  current  In  the  stator  winding  for  a  constant  operating 
time  t  =  10  sec  and  a  frequency  50  cps. 


Figure  3  shows  the  dependence  of  the  batch  on  the  frequency  of 
the  supplying  current  ((u  =  27rf)  at  I  =  10.5  amperes  and  t  =  30  sec. 
Figure  3  shows  also  the  dependence  of  the  batch  V  and  the  additional 
resistance  Introduced  In  the  outlet  of  the  liquid  metal  In  the  form 
of  a  diaphragm  with  different  relative  apertures.  The  corresponding 
resistance  coefficients  are  taken  from  the  book  of  N.H.  Pavlovskiy  [1]. 
In  analogy  with  the  increase  In  the  delivered  batch  with  Increasing 
induction  frequency,  one  can  expect  the  batch  also  to  Increase  with 
Improved  conductivity  of  the  liquid  metal.  It  Is  natural  to  expect 
that  the  batch  in  cm^  will  also  increase  with  decreasing  density. 

The  purpose  of  the  present  research  was  a  tentative  determination 
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of  the  feasibility  of  a  centrifugal  batcher.  In  the  experiments  we 
used  metal  with  the  worst  parameters.  If  the  Inductor  Is  specially 


50  m  .  150  m  250  500 


200  tJJO  m  800  WOO  1200  CJcm" 

Pig.  3 

constructed,  the  induction  can  also  be  greatly  Improved.  Prom  the 
described  experiments  it  follows  that  it  is  possible  to  construct  a 
centrifugal  induction  batcher  to  supply  small  amounts  (several 
hundred  cm"^)  of  liquid  metal.  It  should  be  recognized  that  the  metal 
is  vigorously  mixed  in  the  vessel  of  the  pump,  and  this  may  be  suit¬ 
able  for  the  performance  of  several  technological  operations  directly 
before  pouring. 
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MAGNETOHYDRODYNAMIC  PHENOMENA  IN  A  CHANNEL 
OP  A  PLANAR  INDUCTION  PUMP  WITH 
ACCOUNT  OP  ATTENUATION  OP  THE  ELECTROMAGNETIC  PIELD 

N.M.  Okhremenko 

•  ^  Leningrad 

Magnetohydrodynamic  phenomena  In  the  channel  of  a  planar  induc¬ 
tion  pump  with  a  one-dlmenslonal  stationary  laminar  flow  In  the  ab¬ 
sence  of  the  surface  effect  were  Investigated  In  sufficient  detail  [1, 
2].  Less  Investigated  were  the  features  of  magnetohydrodynamic  proces¬ 
ses  In  the  case  when  considerable  attenuation  of  the  electromagnetic 
field  occurs  over  the  height  of  the  channel.  Such  phenomena  exist  In 
pumps  of  large  productivity,  in  which  the  height  of  the  channel  reach¬ 
es  several  centimeters. 

In  some  regions  of  technology,  there  Is  a  noted  tendency 
towards  using  electric  equipment  of  Increased  frequency.  Por  example, 
in  shipbuilding,  the  question  of  the  use  of  400  cps  alternating 
current  Is  quite  timely.  The  question  therefore  arises  of  the  possi¬ 
bility  of  using  Increased- frequency  current  to  supply  Induction 
pumps.  In  all  these  cases  the  choice  of  the  height  of  the  channel  of 
the  Induction  pump  should  be  closely  related  with  an  account  of  the 
attenuation  of  the  electromagnetic  field.  The  study  of  these  phenomena 
Is  therefore  of  definite  practical  Interest. 

In  the  present  paper  we  report  results  of  an  Investigation  of 
magnetohydrodynamic  phenomena  with  account  of  attenuation  of  the 
electromagnetic  field  over  the  height  of  the  channel  In  laminar  steady- 


state  flow. 


Let  a  channel '  filled  with  liquid  r.etal  and  having  the  form  of  a 
narrow  slot  with  height  2a  have  a  length  L  (Fig.  1).  We  shall  assume 
that  hlch-conduitlon  buses  (2)  are  located  on  the  sides  of  the  channel, 
so  that  we  can  expect  only  the  z  component  of  the  vector  potential  of 
the  magnetic  field  H  to  exist  In  the  region  of  the  liquid  metal  (curl 
K  =>  B,  where  H  Is  the  magnetic  Induction  vector),  and.  the  transverse 
edge  effect  can  be  neglected.  Ve  shall  likewise  disregard  phenomena 
due  to  the  fact  that  the  magnetic  circuit  is  open  and  that  the  length 
of  the  channel  is  limited. 


Fig.  1.  Channel  of  planar  induction 
pump. 

1  —  Winding;  2  —  current  conducting 
buses. 


Fig.  2.  Distribution  of  electromagnetic 
quantities  and  of  the  slip  In  the  In¬ 
duction  pump  channel  for  laminar  flow 
and  for  considerable  field  attenuation: 

1  -  By  and  6^  for  V=0;  2-s;  S-Sq 

for  V  >  0;  4  —  B  for  V  >  0;  5  —  f _  for 

V  >  0.  y  ‘  * 

Let  us  consider  first  the  Influence  of  the  attenuation  of  the 
electromagnetic  field  over  the  height  of  the  channel  on  the  magneto- 
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hydrodynamic  phenomena  from  the  phyolcal  point  of  vlev;,  bearing  In 
mind  the  previously  stipulated  assumptions.  If  the  attenuation  of  the 
field  is  appreciable,  then  the  distribution  of  the  normal  component 
of  induction  By  and  of  the  current  density  in  the  region  of  the 
liquid  metal,  when  the  latter  is  stationary,  can  be  represented  by 
only  curve  1  of  Fig.  2.  In  the  case  of  laminar  one-dimensional  flow 
of  the  liquid  along  the  channel  axis,  the  unevenness  of  the  distribu¬ 
tion  Increases.  Indeed,  the  distribution  of  the  current  density 
over  the  height  of  the  channel  is  determined  in  this  case  by  the  re¬ 
lation 

«.(y) 

where  C  is  a  constant  and  £  is  the  slip.  Since  the  slip  of  the  layers 
of  the  liquid  relative  to  the  traveling  field  decreases  on  approaching 
the  channel  axis  (curve  2),  the  current  density  will  also  decrease 
with  decreasing  y  (curve  3) • 

On  the  other  hand,  the  unevenness  in  the  distribution  of  the 
induction  over  the  height  of  the  channel  decreases  in  the  case  of 
flow  (Fig.  4),  owing  to  the  weakening  of  the  demagnetizing  action  of 
the  Induced  currents  on  approaching  the  channel  axis. 

The  degree  of  disparity  between  the  curves  3  and  4  will  be  de¬ 
termined  by  the  value  of  the  slip.  In  view  of  the  fact  that  in  laminar 
motion  the  absolute  velocity  of  the  flow  is  small,  the  change  in 

the  distribution  of  5  and  B  due  to  the  flow  will  be  Insignificant. 

z  y 

The  dependence  of  the  useful  electromagnetic  force  f  =  6  B  ,  which 
gives  rise  to  the  pressure  drop  along  the  channel,  on  the  coordinate 
y  in  the  case  of  laminar  flow  will  be  represented  by  curve  5-  It  will 
differ  little  from  the  plot  of  the  distribution  of  the  same  force  in 
the  absence  of  flow.  The  electromagnetic  force  will  have  a  maximum  at 
the  channel  walls  and  a  minimum  at  the  axis.  The  average  values  of  the 
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electromagnetic  force  and  of  the  pressure  developed  by  the  pump  will 

decrease  som.ewhat,  and  the  velocity  profile  may  change  compared  with 

the  case  when  and  i  are  constant  over  the  height  of  the  channel, 
y  z 

In  addition  to  the  singularities  noted  above,  the  attenuation  of 
the  field  leads  also  to  the  appearance  of  an  Induction  component  B^j,, 
an  electromagnetic  force,  and  a  pressure  gradient  acting  In  the  dlrec- 
tlon  of  the  0  axis. 

Under  the  assumptions  made  above,  we  can  obtain  from  the  magneto* 
hydrodynamic  equations  describing  planar  laminar  flow  of  a  viscous  In¬ 
compressible  conducting  liquid  In  the  channel  of  a  planar  Induction 
pump  [2]  the  following  equations: 

f  V  2dV  ' 


—  V,|<p-}-na«f'V,  cos  (wf  —  ax^= 

=  I  ;nii  J  9  +  —  0*9  9*1  ■  -'O  ~  ox)  • 

A  =/1«[9(i/)  -sin  (ojf  —  ax)  +9(1/)  •  cos  (u/  —  ax)j 


(1) 

(2) 


with  boundary  conditions 


T(±a)=»l.  9(±<J)==0. 

y,=.V,=Ofor  y=»±«. 


(3) 

(4) 

(5) 
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We  use  here  the  same  notation  as  In  [2],  while  -9  (y)  and  (y)  together 
with  V  and  V-  are  the  unknown  functions.  Expression  (1)  Is  the  general- 
Ized  Helmholtz  equation  with  allov/ance  for  the  electromagnetic  mass 
forces.  The  right  half  of  this  equation  contains  the  derivatives  of 
the  electromagnetic  forces  with  respect  to  the  coordinates. 

Fallowing  the  method  of  S.M.  Targ  and  N.A.  Slezkln  [8,  9],  let  us 
replace  In  Eqs.  (1-3)  the  real  velocities  by  their  values  averaged 
over  the  period  T  =  27r/ai.  In  this  case  we  can  leave  out  from  (l)  the 
derivative  of  Cl  with  respect  to  the  time  and  integrate  the  equations 
(1)  and  (3)  with  respect  to  time  from  0  to  T. 

Solution  of  the  nonlinear  equations  obtained  In  this  case  Is 
fraught  with  great  difficulties.  In  view  of  the  symmetry  of  the  problem, 
we  can  assume  that  V  is  Independent  of  x,  and  that  V  =*  0.  We  then 

jw  y 

obtains. In  place  of  (1-5) 


dy* 


Hoa  9  +  0*1^  —  =  0, 

jioa  1^' —  wj  —  o*ip  -J-  9"  =  0, 


(6) 


(7) 


(3) 


where  M  is  the  Hartmann  number,  V  =  and  B  Is  a  constant  to  be  de¬ 
termined. 

The  system  of  equations  (6-8)  with  boundary  conditions  (5)  can  be 
solved  by  successive  approximations.  For  the  zero  approximation  we 
obtain  the  following  equation  for  the  velocity; 

d»Fi  M*  ch2py  +  cos2py  „  „  M*  „  ch2py-fcos2py  ,n\ 

=  - 2“ — 


with  boundary  conditions 


V»=*V,  VJ=«0for  y=0, 
'  V,=0for 


(10) 
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where 


the  depth  of  penetration  of  the  electromagnetic 


wave  (assuming 


-^cli  2pa  -f-cos  ^Qg 


=  ao/a  is  the  velocity  of  the  magnetic  field, 
at  the  center  of  the  streami  ‘ 


V  Is  the  velocity 


Particular  solutions  of  this  equation  have  been  obtained  In  the 
form  of  rapidly  converging  power  series.  In  which  only  the  first  terms 
are  retained.  The  general  approximation  of  the  solution  of  Eq.  (9)  has 
the  form* 


(11) 


f»— 1 


•H 


cll  2p(i  —  cos  2pa  ' 


2c» 


(12) 


,  cll  2pa  — cos  23a  ch  2pi/ —  cos  23y  ch2py  — cos2Pv 

^  2c*  2  '  '  2? 


.(«3) 


e  — 


M 

2pak' 


(13) 


The  attenuation  of  the  electromagnetic  field  manifests  Itself  In 


the  main  velocity  component  (12)  In  a  reduction  of  the  average  value 
of  the  Induction  and  of  the  "effective  Hartmann  number"  by  a  factor 
k,  so  that  the  velocity  profile  becomes  less  flat . 

If  3  =  0,  then  k  =  1  and  the  second  velocity  component  (13) 
vanishes,  so  that  we  obtain  from  formulas  (il)  and  (12)  the  well  known 
expression  for  the  velocity  profile  In  the  absence  of  surface  effect. 
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The  velocity  cor.ponent  (13)  appears  only  as  a  result  of  the  attenuation 
of  the  field,  when  3  >  0.  This  component  Is  equal  to  zero  on  the  walls 
and  at  the  center  of  the  channel.  It  Is  proportional  to  the  velocity 
of  the  traveling  field.  Its  relative  share  Is  the  greater,  the  larger 
the  depth  of  penetration  of  the  electromagnetic  field  and  the  larger  ' 
the  height  of  the  channel. 

With  decreasing  slip  Sq,  the  velocity  of  flow  In  the  center  of 
the  stream  Increases,  and  the  relative  share  of  the  additional  compo¬ 
nent  of  velocity  In  formula  (11)  decreases.  Figures  3  and  4  show  the 
profiles  of  the  velocity  Vq  =  f(y/a)  and  Its  components,  calculated 
by  formulas  (11)  and  (13)  for  a  planar  Induction  pump  for  sodium  at 
400°C  and  having  the  following  data:  the  frequency  Is 

/—SO  cps,  2a  — 2  cm,  2pa=  0,626, 
so“0,99.  Al  =  5  and  M  =  10. 

Because  of  the  unevenness  In  the  distribution  of  the  electro¬ 
magnetic  forces,  the  velocity  profile  at  M  =  10  assumes  a  saddle-ilke 
form.  This  profile  has  two  points  of  Inflection. 

It  Is  known  that  the  presence  of  a  point  of  Inflection  Is  In 
ordinary  hydrodynamics  a  necessary  and  sufficient  condition  for 
violation  of  flow  stability  (in  the  sense  of  nonvlscous  Instability) 
[5]. 

We  can  therefore  assume  that  the  uneven  distribution  of  the 
electromagnetic  forces,  brought  about  by  the  attenuation  of  the 
electromagnetic  field,  may  be  the  reason  of  the  changeover  from 
laminar  to  turbulent  conditions. 

The  curves  of  Pigs.  3  and  4  have  been  plotted  for  Sq  =  0.99*  When 
the  slip  Is  reduced  say  to  0.9,  the  abscissas  of  the  additional 
velocity  components  In  these  figures  decrease  by  a  factor  of  10,  and 
the  points  of  Inflection  disappear.  However,  saddle-like  unstable 
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Fig.  3.  Velocity  profile  at  M  =  5  and 
field  attenuation. 


profiles  can  be  obtained  also  in  the  case  of  small  slips  Sq,  but  con¬ 
siderable  values  of  M  and  20a  >  1. 

If  we  replace  In  formulas  (11-13)  the  velocity  at  the  center  of 
the  stream  by  Its  expression  In  terms  of  the  average  velocity  over 
the  channel  cross  section  V  ,  we  obtain  the  following  dependence; 

S  A 
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Fig.  4.  Velocity  profile  at  M  =  10  and 
field  attenuation. 


ch  2pa  —  cos  2pa 
2c» 


sh  2?a  —  sin  2pa 
4^0 


sh2pa  — sin  2pa\| 

4pac*  /J 


ch^-l 


+  Vi. 


(14) 


Putting  Vgp  =  0  in  this  formula,  we  determine  the  velocity  profile 
for  ah  induction  pump  operating  as  a  metal  mixer  or  an  electromagnetic 
valve,  in  the  following  form; 
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Api 


_ ^SWjC* 


l^- 


ch  2pa  —  cos  2pa 
2c*~ 


“*1 

-.i 


1  Ish2pa  —  sin2pa 

c\'  2 


+ 


sh  2pa  +  sin  2pa 
2c* 


(18) 


The  first  component  of  the  pressure  loss  is  due  to  the  main  velocity 
component.  When  3  =  0  we  obtain  from  (17)  a  formula  that  disregards 
the  flel(f  attenuation  [2].  The  second  component  (l8)  Is  due  to  the 
skin  effect. 

Calculations  show  that  for  the  example  given  above  the  ratio 


amounts  to  13.8^  when  M  =  5  and  44.5^  when  M  =  10. 

The  attenuation  of  the  field.  In  addition  to  Increasing  the 
pressure  losses,  leads  to  a  decrease  In  the  electromagnetic  pressure, 
something  already  noted  In  the  literature  [6,  7)« 

The  question  of  magnetohydrodynamic  phenomena  in  the  channel  of 
an  Induction  pump  In  the  presence  of  field  attenuation  was  also  solved 
by  I. A.  Tyutln  [2],  In  this  case  he  discarded  in  the  Navier-Stokes 
equation  the  terms  due  to  the  viscosity.  Such  a  simplification  of  the 
equations  has  led  to  an  expression  for  the  velocity  which,  of  course, 
does  not  satisfy  the  adhesion  conditions  and  in  addition  does  not  take 
full  account  of  the  specific  nature  of  the  phenomena.  It  lies  in  the 
fact  that  It  Is  precisely  at  the  walls  where  the  electromagnetic  forces 
and  the  velocity  gradients  are  large,  and  the  viscosity  forces  become 
appreciable  so  that  they  can  no  longer  be  neglected.  I. A.  Tyutln’s 
solution  therefore  does  not  make  it  possible  to  determine  the  pressure 
losses. 
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525  An  estimate  of  the  accuracy  of  the  solution  (11-13)  can  be 

made  by  the  methods  Indicated  in  [3» 
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HYDRODYNAMIC  PROCESSES  IN'  THE  CHANNEL 
OF  AN  ELECTROMAGNETIC  INDUCTION  PUMP 

Ya.Ya.  Llelpeter 
Riga 

• 

The  electromagnetic  Induction  pump  operates  on  the  principle  of 
the  Induction  motor.  In  which  the  role  of  the  rotor  Is  assumed  by  the 
pvimped  liquid  metal.  The  presence  of  a  liquid  "rotor"  In  the  Induction 
pump  gives  rise  to  several  hydrodynamic  phenomena,  a  study  of  which 
is  part  of  the  theory  of  such  a  piunp. 

Prom  the  hydrodynamic  point  of  view  the  Induction  pump  represents 
a  certain  portion  of  a  common  pipe  of  a  hydraulic  system  (pump  channel) 
In  which  a  traveling  (or  rotating)  magnetic  field  of  the  form  B  = 

=  BqCos  (ajt  —  ax)  Is  produced,  where  B  is  the  induction  of  the  magnetic 
field,  (o  Is  the  angular  frequency,  a  =  tt/t,  t  Is  half  the  distance  be¬ 
tween  two  nearest  points  of  the  same  phase  of  magnetic  Induction,  and 
X  Is  the  coordinate,  directed  along  the  pipe.  The  ponderomotlve  forces 
arising  upon  Interaction  between  the  traveling  magnetic  field  and  the 
currents  Induced  In  the  liquid  metal  give  rise  to  a  certain  pressure 
difference  on  the  ends  of  the  segment  —  the  pump  pressure  head.  In  the 
stationary  mode,  the  latter  Is  balanced  by  the  pressure  drop  in  the 
remaining  part  of  the  hydraulic  system. 

The  determination  of  the  pump  pressure  for  a  specified  magnetic 
field  Is  one  of  the  main  problems  of  the  theory.  For  a  solid  body, 
such  a  problem  is  solved  by  integrating  the  electromagnetic  forces 
acting  on  each  elementary  volume  of  the  body: 
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/.-'sfluxam  (1, 

where  Pq  Is  the  pressure  produced  by  the  electromagnetic  forces,  S  Is 
the  transverse  cross  section  of  the  pump  channel,  ”e^  Is  a  unit  vector 
directed  along  the  coordinate  x,  and  Is  the  current  density  In  the 
conducting  solid. 

The  pressure  of  the  pump  In  the  presence  of  a  liquid  current 
conductor  can  be  determined  analytically  only  by  solving  the  corres* 
ponding  equations  of  motion,  which  comprise  the  nonlinear  system  of 
magnet ohydrodynamlc  equations  for  an  Incompressible  medlvim.  The 
solution  of  the  latter  can  be  obtained  only  for  very  simplified  par¬ 
ticular  cases,  which  do  not  satisfy  completely  the  practical  needs. 
Therefore,  the  main  method  for  Investigating  hydrodynamic  processes 
In  an  Induction  pump  remains  experiment,  all  the  more  since  we  deal 
almost  always  with  a  turbulent  flow  mode.  Analytic  methods  serve 
principally  for  a  qualitative  analysis  of  the  processes  and  for 
generalization  of  the  experimental  data. 

Practice  has  shown  that  In  many  cases  the  electromagnetic  process¬ 
es  In  a  liquid  body  correspond  to  a  sufficiently  high  degree  of 
accuracy  to  the  processes  In  a  solid  body,  provided  the  latter  moves 
with  the  average  velocity  of  the  liquid  body.  The  pump  pressure  p  Is 

a 

In  this  case  smaller  than  the  pressure  Pq  by  an  amount  equal  to  t;;e 
hydraulic  losses  p^,  due  to  the  viscosity  of  the  liquid: 

P.=Po~p,.  (2) 

It  la  also  noted  that  the  pressure  losses  for  the  turbulent  flow  mode 
can  be  determined  from  the  formulas  of  ordinary  hydrodynamics,  neglect¬ 
ing  the  Influence  of  the  magnetic  field  [1,  2].  In  Pig.  1  the  solid 
lines  represent  the  theoretical  curves,  with  the  resistivity  ccef- 
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flclent  determined  by  the  Blaslus  formula,  and  the  pressure  Pq  de¬ 
termined  from  the  average  velocity  of  the  liquid  metal.  The  Individual 
points  represent  the  measurement  results. 

We  can  determine  the  order  of  magnitude  of  the  Influence  of  the 
magnetic  field  on  the  pressure  losses  in  the  case  of  turbulent  flow 
by  starting  from  an  analysis  of  the  equations  of  the  averaged  motion 
[2].  The  turbulent  viscosity  in  the  case  .of  plane  flow  of  a  non¬ 
conducting  liquid  is  expressed,  as  is  well  known  [3]«  by  the  formula 

where  v  and  v  are  the  velocity  components,  the  primes  (•)  denote 
X  z 

pulsating  quantities  and  the  bar  (— )  denotes  averaging. 

In  the  case  of  plane  flow  of  a  conducting  liquid  In  a  magnetic 
field,  we  can  introduce  analogously  a  certain  effective  turbulent 
viscosity  V*,  which  takes  into  account  the  influence  of  the  magnetic 
field. 


M  ^  az* 


where  B'  and  Bl  are  the  components  of  the  turbulent  pulsations  of  the 
X  z 

magnetic  Induction,  brought  about  by  the  velocity  pulsations,  while 
H  and  p  are  respectively  the  magnetic  permeability  and  the  density  of 
the  liquid. 

Estimating  the  order  of  magnitude  of  the  first  and  second  terras 
of  (4),  we  arrive  at  the  following  condition  under  which  the  second 
term  is  Insignificant; 


N,.Re:»<ci.  (5) 

where  Ng  is  the  ratio  of  the  densities  of  the  magnetic  energy  and  the 
kinetic  energy  of  the  liquid 
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Is  the  magnetic  Reynolds  number  for  turbulent  pulsation 

=  (7) 

In  these  expressions  Bq  and  Vq  are  certain  values  of  Induction  and 
velocity,  which  are  characteristic  for  the  phenomenon  under  considera¬ 
tion,  Ip  Is  the  scale  of  turbulent  pulsation,  and  a  Is  the  specific 
electric  conductivity  of  the  liquid  metal. 

Relation  (5)  can  be  used  to  estimate  the  Influence  of  the  mag¬ 
netic  field  on  the  turbulent  viscosity,  that  Is,  we  can  obtain  quali¬ 
tative  considerations  of  pressure  losses  In  the  channel  of  the  induc¬ 
tion  pvunp. 

2 

When  estimating  the  quantity  Nn*Re  ,  for  the  constructed  Induc- 

o  m 

tlon  pumps  we  find  that  it  Is  actually  appreciably  smaller  than  unity. 
Inasmuch  as  the  turbulent  viscosity  Is  determined  principally  by  the 
large-scale  pulsations,  we  can  approximately  take  as  the  characteristic 
values  of  V  and  the  quantities  Vq  and  1^.  It  must  be  noted  that 
the  estimate  made  above  pertains  to  the  case  when  the  skin  effect  can 
be  neglected  for  the  Induction  currents  In  the  liquid  metal. 
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Thus,  w?  have  arrived  In  different  ways  at  one  and  the  same 
conclusion:  the  pump  pressure  Is  determined  by  the  flow  velocity  aver¬ 
aged  over  the  cross  section  of  the  channel,  and  the  energy  dissipation 
due  to  liquid  viscosity  occurs  In  the  same  way  as  In  ordinary  flow 
without  a  magnetic  field.  Expression  (5)  determines  the  limits  of 
applicability  of  such  a  theory,  and  It  turns  out  that  the  theory  Is 
applicable  for  the  overwhelming  majority  of  Induction  pvunps. 

It  must  be  noted  that  a  direct  experimental  verification  of 
these  conclusions  has  been  made  only  for  large  slip  of  the  liquid 
metal  relative  to  the  magnetic  field,  when  the  density  of  the  electro¬ 
magnetic  force  Is  approximately  constant  over  the  cross  section  of 
the  channel.  There  are  grounds  for  assuming  that  In  the  case  when  the 
electromagnetic  forces  are  highly  unevenly  distributed  oyer  the  cross 
section  of  the  channel,  the  profile  of  the  average  velocities  may  be 
appreciably  distorted,  and  this  will  lead  also  to  a  change  In  the 
pressure  losses. 

There  are  three  most  Important  cases  which  lead  to  uneven  dis¬ 
tribution  of  the  electromagnetic  forces: 

a)  a  pronounced  skin  effect  in  the  distribution  of  the  induction 
currents  In  the  direction  of  the  magnetic  field  (over  the  thickness  of 
the  metal  layer), 

b)  a  pronounced  transverse  edge  effect  In  the  distribution  of 
the  Induction  current  in  the  liquid  metal, 

c)  small  slip  of  the  liquid  metal  relative  to  the  magnetic  field. 

All  these  cases  have  not  yet  been  sufficiently  studied  to  date, 

and  therefore  no  practical  deductions  can  be  drawn  from  them. 

An  attempt  to  study  the  velocity  distribution  of  laminar  flow 
with  a  pronounced  skin  effect  in  thickness  was  made  by  I. A.  Tyutln 
[4],  but  he  did  not  solve  the  problem  to  the  end.  Certain  Interesting 
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conclusions  with  regard  to  the  same  problem  were  obtained  by  N.M. 
Okhremenko  [5]-  The  transverse  edge  effect  in  the  dlstrlbr.tlon  of  the 
induction  current  was  Investigated  in  [6,  7].  but  only  for  the  case  of 
a  solid. 

We  consider  below  by  way  of  an  example  plane  laminar  flow  of  a  . 
liquid  metal  in  the  case  when  the  unevenness  in  the  amplitude  of  the 
traveling  magnetic  field  over  the  thickness  of  the  layer  and  the 
resultant  unevenness  in  the  distribution  of  the  induction  current  are 
due  to  the  commensurability  of  the  pole  pitch  with  the  thickness  of 
the  metal  layer.  The  skin  effect  due  to  the  demagnetizing  effect  of 
the  induction  currents  will  be  neglected. 

Assume  that  the  electrically  conducting  viscous  liquid  filling 
the  space  between  two  infinite  parallel  planes  (Fig.  2)  is  set  in 
stationary  motion  with  the  aid  of  a  traveling  magnetic  field,  the 
induction  B^,  of  which  is  determined  by  the  law 

where  Is  the  amplitude  of  the  induction  on  the  surface  of  z  =  £b, 
b  is  half  the  distance  between  the  planes. 

The  equation  of  motion  of  the  liquid  can  be  written  for  the  case 
under  consideration  in  the  following  form: 


oB^ch*a7/_a  \  Pt  —  Pi  (g) 

2  ch»a6\»  I 

where  Pj^  and  Pg  are  the  pressures  in  two  sections  of  the  channel 
spaced  a  distance  ^  apart,  v  is  the  kinematic  viscosity  of  the  liquid 
metal . 

It  will  be  convenient  in  what  follows  to  use  the  concept  of 
local  slip  3(2),  which  depends  in  this  case  on  the  coordinate  z: 


m 


(10) 


-  537  - 


c 


Substituting  the  latter  Into  Eq.  (9)  and 
carrying  out  simple  transformations,  we  obtain 

=  (11) 


A 


where 


"  ^  D — ^.P*—P*  (12) 

Fig.  2  .  m<,f  I  •  . 

m=M0bAab,  (13) 

(1^) 

Equation  (11)  is  an  inhomogeneous  modified  Matthew  type  equation.  It 
Is  easy  to  verify  that  Its  solution  should  be  an  even  function.  We 
shall  seek  It  In  the  form  of  a  power  series  containing  even  powers  of 
the  argument  z: 


*(*)  “• 


(15) 


where  are  the  coefficients  of  the  series  and  n  Is  a  positive  Inte¬ 
ger  or  zero. 

After  substituting  (15)  in  Eq.  (ll)  we  obtain  the  following  ex¬ 
pression  for  the  determination  of  the  coefficients  Ag^^  of  the  series: 

Al*  SaI*  f2aV*~** 

(2n  +  2)  (2n  + 1 ) A,,*, - (2n-2A)i  ( l6) 

+  0.-0. 

which  is  an  Infinite  system  of  equations  from  which  we  can  determine 
the  coefficients  Ag,  etc.,  relative  to  Aq. 

Solving  this  system,  we  obtain  the  coefficients 


• 

2^  A. 

ST” 

«iM*i 

(..M*  ,  \ 

O) 

4-3' 

1  2.!  2.!/^ 
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The  following  recurrence  formula  can  be  set  up  for  the  determlna* 
tlon  of  the  coefficients  Ag,  Ag,  : 

M*  .  ^  ■ 

.  ^  y  V.  .  (2.j» 

^ 2n (2ii - 1 j + ^(2n~  ’Ipjr* 

The  series  (15)  converges  moderately  rapidly.  The  coefficient 
Aq  plays  the  role  of  an  arbitrary  constant  and  Is  determined  from  the 
boundary  conditions 

*=*lfor*=±>.  (19) 

Taking  (lO)  Into  account,  we  obtain  the  velocity  distribution 


It  Is  also  easy  to  find  the  velocity  averaged  over  the  section  of  the 
channel 


(21) 

Finally,  let  us  find  the  magnetohydrodynamlc  pressure  loss  in  the 
pump  channel,  taking  Into  account  the  velocity  distribution  (20).  For 
this  purpose  we  use  the  equation 


(22) 


which  equates  the  viscosity  force,  acting  on  an  elementary  layer  of 
liquid  dz,  to  the  pressure  force.  Substituting  Into  (22)  the  second 
derivative  of  v^  we  obtain 


(20) 


•qz  9  H  «♦  if  it 

Pig.  3 


Ve  obtain  the  total  pre33x-re  less  by 
Integrating  the  last  expression  with 
respect  to  z  and  dividing  by  the  dis¬ 
tance  between  the  parallel  planes.  We 
then  have 

(21) 

By  way  of  Illustration  Pig.  3 
shows  the  velocity  distribution  curves 


. In  the  pump  channel  under  the  follow¬ 
ing  parameters:  b  =  2 *10"^  meters,  o  »  50  ®  tb/®  “  6.28  m/sec  and 

5  —2 

H  =  20.  Curve  I  corresponds  to  D  =  0  and  curve  II  to  D  =  5*10  m 
The  next  hydrodynamic  problem  In  the  theory  of  the  Induction 
pump  Is  a  study  of  the  turbulent  flow  of  liquid  metal  for  an  uneven 
distribution  of  the  electromagnetic  forces. 
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NOHSTATIONARY  FLOW  OF  A  LIQUID  METAL 
IN  THE  CHANNEL  OF  A  PLANAR  INDUCTION  PUMP 

N.M.  Okhremenko 
Leningrad 

Nonstationary  one-dimensional  flow  of  a  viscous  liquid  in  pipes 
and  between  parallel  planes  has  been  investigated  in  detail  within 
the  framework  of  classical  hydrodynamics.  On  the  other  hand,  problems 
of  unsteady  flow  in  magnetohydrodynamics  have  not  been  sufficiently 
studied.  There  is  a  known  paper  by  O.A.  Ladyzhenskaya  and  V.A. 
Solonnlkov  (1],  in  which  certain  nonstationary  magnet ohydrodynamlc 
problems  are  considered  from  the  point  of  view  of  proving  the  theorem 
for  the  existence  and  uniqueness  of  the  solution.  S.A.  Regirer  [2] 
has  considered  one-dimensional  nonstationary  flow  of  a  conducting 
liquid  in  a  half  space  in  the  presence  of  a  constant  transverse  mag¬ 
netic  field  on  the  boundary. 

In  the  present  paper  we  report  the  results  of  a  solution  of  the 
problem  of  unsteady  linear-parallel  flow  of  a  liquid  metal  between  two 
parallel  walls  y  =  jja  under  the  influence  of  a  suddenly  applied  trans¬ 
verse  traveling  magnetic  field 

®*  =  B«sin(u/  —  ojc),  o='^,  (^) 

Where  U3  is  the  angular  velocity  and  t  is  the  pole  pitch. 

In  induction  pumps,  as  in  induction  motors,  the  electromagnetic 
transient  occvirs  in  the  overwhelming  majority  of  cases  much  more  rapid¬ 
ly  than  the  mechanical  acceleration  of  the  liquid  metal.  Therefore  the 


-  5^1  - 


Influence  of  the  electromagnetic  transients  on  the  motion  of  the 
metal  can'  be  disregarded.  If  we  neglect  phenomena  which  are  brought 
about  by  the  fact  that  the  magnetic  circuit  Is  open  [4,  5]  and  dis¬ 
regard  the  transverse  edge  effect  and  the  surface  effect,  then  we  ob¬ 
tain  from  the  equations  of  magnetohydrodynamics  for  the  channel  of  a 
planar  Induction  pump  [3]  the  following  equations,  which  describe  un¬ 
steady  plane-parallel  flow: 


on 

'  Ol 

With  2*"^ 

conditions  a— 0  for  y— ±s, 
“  a»0  for/a.(i  . 


(2) 


where  p  Is  the  density,  g  the  electric  conductivity,  and  v  Is  the 
kinematic  viscosity  of  the  liquid,  while  p  Is  the  pressure  and  u  the 
velocity  In  the  direction  of  Oj^.  • 


P  ■ 

oqooooooo< 


pooooooodbooooooeooocoooo^ 


ft9  . 


^6oooo^cooooooccccoco4o6 


Zi 


Pig.  1.  Channel  of  planar  Induction  pump: 

1  —  Winding;  2  —  current  conducting  buses. 

Equations  (2)  can  be  readily  solved  by  operational  methods  under 
the  assumption  that  the  external  pressure  drop  P  Is  constant. 

As  a  result  of  solving  the  problem  for  the  velocity,  the  follow¬ 
ing  expression  was  obtained; 


Pa*  \ 


M 


ChM  — ch-y 

-(I-# 


cbM 


)+ 
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+  2MV  *  Zi _ _ L-£L(I  — e  )  I, 

M«*+i**)  f 


where 


(*=1.2;..,.), 


L  Is  the  channel  length,  1)  Is  the  dynamic  viscosity  of  the  liquid, 
and  M  is  the  Hartmann  number. 

The  series  in  the  right  half  of  formula  (3)  converges  uniformly 
In  the  region  a  >  y  >  -a,  0  <  t  <  «.  Solution  (3)  satisfies  Eq.  (2) 
and  vanishes  when  t  =  0  and  y  =  +a.  It  determines  the  law  governing 
the  variation  of  the  velocity  with  time  for  any  value  of  it . 

Putting  t  =s  oc  in  (3)  we  obtain  the  steady>state  value  of  the 


velocity: 


Pa»\ 


chM-dk^y  ^  cbM— ch^y 
cbM->l  * 


where  Uq  is  the  steady-state  value  of  the  velocity  et  the  center  of 
the  stream.  Expression  (4)  coincides  with  the  known  solution  [3l. 

The  settling  time  of  the  stationary  mode  is  determined  by  time 
constants  of  two  types.  The  buildup  of  the  first  velocity  component 
is  due  to  the  constant  < 

J 

which  is  proportional  to  the  mass  density  and  is  inversely  proportional 
to  the  square  of  the  effective  value  of  the  induction  B  and  the  j 

electric  conductivity.  It  is  characteristic  that  formula  (5)  contains 
neither  the  kinematic  viscosity  nor  the  height  of  the  channel. 

The  buildup  of  the  second  term  in  the  curly  brackets  of  expression 
(3)  1.3  due  both  to  and  to  a  time  constant  of  the  fonn 
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which  depends  only  on  the  kinematic  viscosity  and  on  the  square  of  the 

half  height  of  the  channel.  The  values  of  Tj^  decrease  rapidly  with  In¬ 
creasing 

Figures  2  and  3  show  velocity  profiles  for  different  Instants  of 
time,  as  calculated  from  formula  (3). 


Fig.  2.  Velocity  profiles  in  the 
channel  of  an  Induction  pump  for 
different  Instants  of  time  t  =  t/T, 
at  M  =  *5.  '  1 


The  expression  for  the  velocity  in  the  absence  of  a  magnetic 
field  can  be  determined  from  (3)  by  putting  In  It  M—  0: 
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Fig-  3-  Velocity  profiles  In  the 
channel  of  an  Induction  pump  for 
different  Instants  of  time  x  = 

=  t/Tj^,  for  M  =  10. 


(7) 
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(9) 


32  v(-l)*+'  .  (2*-1)s4, 

fi-'*  j* 

which  determines  when  t  =  «  a  parabolic  velocity  profile. 

In  conclusion  let  us  determine  the  friction  force  stress 


Idtt\ 

— "y.- 


Using  (3)f  we  obtain  after  transformations 


‘U  .  ijlM  ^ 


where  Tj^  and  Tj^  are  determined  by  formulas  (5)  and  (6). 

It  follows  from  (11)  that  t  »  0  when  t  >  0.  When  t  =<  ea  we  have  ' 


the  known  expression  [3l: 


UW  «*  Pa\thM 
''•“I  a  *1  1/  H  • 


In  the  absence  of  a  magnetic  field  we  obtain  from  (11)  the  ordina¬ 
ry  hydrodynamic  result 


(2*-!/  J- 
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cp  =  sr  =  srednly  =  average 

ycT  =  ust  =  ustanovlvshlysya  =  steady-state,  stationary 


DEVELOPMEOT  OF  LAKIIIAR  FLOW  OP  A  VISCOUS 
ELECTRICALLY  CONDUCTING  LIQUID  BETWEEN  PARALLEL  PLANES 
UNDER  THE  INFLUENCE  OP  A  TRANSVERSE  MAGNETIC  FIELD 

N.M.  Okhremenko 
Leningrad 

The  problem  of  the  stationary  linear-parallel  flow  of  a  viscous 
incompressible  liquid  between  infinite  parallel  stationary  planes  In 
the  presence  of  an  external  constant  homogeneous  magnetic  field  per¬ 
pendicular  to  the  walls  was  first  Investigated  by  Hartmann  [ij. 

A  similar  problem  was  solved  by  I.M.  Kirko  and  I. A.  Tyutln  [2,  3] 
for  the  case  when  the  conducting  liquid  moves  under  the  Influence  of 
a  traveling  magnetic  field.  The  solutions  obtained  can  be  regarded  as 
valid  for  channels  of  limited  length  only  If  the  section  of  the  channel 
under  consideration  is  located  a  distance  exceeding  the  length  of  the 
initial  portion  away  from  the  Inlet  section. 

The  investigation  of  the  character  of  flow  of  a  viscous  incom¬ 
pressible  liquid  In  the  initial  portion  of  round  cylindrical  pipes 
and  channels  of  rectangular  form,  within  the  framework  of  classical 
hydrodynamics,  has  been  the  subject  of  an  appreciable  number  of 
papers.  The  problem  was  first  solved  by  Busslnek,  and  then  by  Schiller 
and  L.S.  Leybenzon  [4-6],  S-M.  Targ  and  N.A.  Slezkin  Investigated  the 
development  of  laminar  flow  In  tubes  and  diffusers  with  the  aid  of 
approximate  equations.  In  which  the  acceleration  and  viscosity  terns 
were  partially  taken  Into  account  [7-91-  Such  a  method  turned  out  to 
be  quite  effective  and  yielded  results  which  for  round  pipes  Is  In 
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satisfactory  qualitative  agreement  with  the  experimental  data  [7]. 

As  far  as  the  author  knows,  the  solution  of  the  problem  of  devel¬ 
opment  of  laminar  flow  under  the  action  of  a  transverse  magnetic 
field  was  not  developed  In  magnetohydrodynamlcs . In  either  the  domestic 
or  the  foreign  literature. 

Using  the  method  of  partially  taking  Into  account  the  Inertial 
and  viscosity  forces,  as  used  by  S.M.  Targ  and  N.A.  Slezkln  [7-9l»  w® 
can  Investigate  the  development  of  laminar  flow  of  a  conducting  liquid 
between  parallel  planes  under  the  Influence  of  a  traveling  magnetic 
field  perpendicular  to  the  walls.  Such  a  flow  occurs  In  the  channel 
of  a  planar  Induction  pump.  The  approximate  magnetohydrodynamic  equa¬ 
tions  describing  plane-parallel  flow  of  a  viscous  Incompressible  liquid 
between  two  parallel  planes  y  a  ^a  under  the  Influence  of  a  transverse 
traveling  magnetic  field  at 

<■  =  — ox),  (1) 

where  cu  Is  the  angular  frequency,  a  =  tt/t,  and  t  Is  the  pole  pitch, 
can  be  represented  In  the  following  form 


(2a) 

11  • 

p 

(2b) 

da  ,  - 

(2c) 

Here  u  Is  the  velocity,  p  the  pressure,  V  the  velocity  of  the  liquid 
In  the  Inlet  cross  section,  Is  the  amplitude  of  the  magnetic  In¬ 
duction,  p  Is  the  density,  a  the  electric  conductivity,  and  v  the 
kinematic  viscosity  of  the  liquid. 

In  these  equations  the  Inertial  terms  are  partially  taken  Into 
account  In  (2a),  while  the  terms  due  to  viscosity  are  taken  Into 
account  In  the  same  manner  as  In  the  boundary  layer  theory.  Equations 


(2)  are  obtalried  under  the  asaur.ptlon  that  there  Is  no  transverse  or 

longitudinal  edge  effect  and  no  attenuation  of  the  magnetic  field  over 

the  height  of  the  channel,  and  that  the  main  component  of  the  velocity 

Is  uniformly  distributed  over  the  Initial  section  of  the  channel  (Plg. 

1) .  The  boundary  conditions  for  these  equations  are  as  follows: 

•  forx  — 0.  lyI<o.  11  =  V;  I 

y=»±fl,  «i=*0.  11  =  0  J  (3) 


Fig.  1.  Channel  of  planar  Induction 
pump: 

1  —  Winding;  2  —  current  conducting 
buses. 


After  time-averaging  the  mass  forces  and  the  pressure  in  Eq.  (2a), 
the  system  (2-3)  can  be  solved  by  operational  methods.  As  a  result  of 
the  solution  we  obtain  the  following  expression  for  the  velocity: 


u(x,y)=V 


chM— ch- 
a 


chiM  — 


shM 

M 


« COST-  — cos 

2  y _ L__£j 

^  (MI  +  Y^cost. 


K 


w 


where  R  =  aV/v  Is  the  Reynolds  number  for  a  planar  channel,  M  Is  the 
Hartmann  number,  7^  ai'e  the  roots  of  the  transcendental  equation 

!g2  =  2.  (5) 


The  series  In  the  right  half  of  (4)  is,  in  accordance  with  the 

«•  I 

Welerstrass  tests,  urdformly  convergent,  since  the  series  M  con¬ 


verges  . 


This  solution  satisfies  Eq.  (2a)  and  the  boundary  conditions  (3) • 
It  enables  us  to  obtain  the  value  of  the  velocity  profile  at  any 
distance  from  the  Inlet  In  the  presence  of  a  transverse  traveling  mag¬ 
netic  field. 

Formula  (4)  will  hold  true  also  In  the  case  of  a  constant  trans¬ 
verse  field. 

The  value  of  the  velocity  at  an  infinite  distance  from  the  Inlet 


chM— ch  —y 

B 


chM— ch^y 

B 


ChM— 


ihSr”"*  ChM— I  * 


(6) 


M 


where  Uq  is  the  velocity  of  the  center  or  the  stream,  coincides  with 
the  known  solutions  [1-3].  The  velocity  profiles  at  an  Infinite  dis¬ 
tance  from  the  Inlet  to  the  channel  and  for  different  values  of  M  are 
shown  In  Pig.  2. 


Fig.  2.  Steady-state  velocity  pro¬ 
files. 


In  the  particular  case  when  H—  0,  we  obtain  from  formula  (4)  the 
expression  derived  by  S.M.  Targ  [7,  formula  6.59)]: 
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jgggKII 


(7) 


which  at  an  Infinite  distance  from  the  Inlet  determines  a  parabolic 
velocity  profile. 

It  Is  of  Interest  to  determine  the  Influence  of  an  external 
transverse  magnetic  field  on  the  length  of  the  Initial  portion,  over 
which  the  different  disturbances,  which  unavoidably  arise  on  entering 
the  channel,  become  attenuated. 

We  shall  define,  following  Busslnek's  suggestion  as  used  by 
S.M.  Targ  [7]  the  length  of  the  Initial  portion  as  that  distance 
away  from  the  Inlet  section,  over  which  the  actual  velocity,  calculated 
by  formula  (4),  deviates  (,from  the  actual  velocity  determined  by  formula 
(6)  by  not  more  than  1^.  Then  the  approximate  expression  for  the 
length  of  the  Initial  portion  can  be  obtained  In  the  following  form: 


“  (M^+T.OXchM-OcosT,  ' 


(8) 


where  7^^  =  4.493  is  the  smallest  nonvanishing  root  of  equation  (5) 

[10]. 


When  M -*  0  we  obtain  fran  formula  (8)  an  expression'  for  the 
length  of  the  Initial  portion  In  the  absence  of  a  magnetic  field  [8, 
p.  3561: 


,  aR,_  ^0O(cosT— 1) 

— ilO- - 


(9) 


T.*  3t.^co,t,  • 

Comparison  of  (8)  with  (9)  shows  that  the  Influence  of  the  trans¬ 
verse  magnetic  field  on  the  reduction  In  the  length  of  the  Initial 
portion  Is  manifest  In  two  ways,  since  the  quantity  H  Is  contained  In 
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foraula  (3)  both  under  the  logarithn  sign  and  In  the  coefficient  pre¬ 
ceding  It, 

The  expression  under  the  logarithm  sign  determines  the  velocity 
profile.  With  Increase  in  M,  the  steady-state  velocity  profile  (see 
Fig.  2)  approaches  the  velocity  profile  in  the  initial  cross  section, 
assumed  In  our  problem,  which  fonnally  leads  to  a  reduction  in  the 
number  contained  under  the  logarithm  sign. 

On  the  other  hand,  the  action  of  the  electromagnetic  mass  forces 
shapes  the  stream  more  rapidly,  suppressing  the  dlstuzbances  that 
arise  upon  entering  Into  the  channel. 

This  circumstance  Influences  the  magnitude  of  the  coefficient 
preceding  the  logarithm,  ^e  effect  of  the  latter  on  the  value  of  the 
initial  portion  Is  more  noticeable  and  is  decisive. 

To  Illustrate  the  quantitative  influence  of  the  magnetic  field 
on  the  length  of  the  Initial  portion,  we  present  the  following  example. 

5y  substituting  the  numerical  value  of  the  root  In  (9),  S.M. 
Targ  [8]  obtained  an  approximate  value  for  the  -length  of  the  initial 
portion  of  a  planar  tube: 

Substituting  the  value  of  in  (8)  we  obtain 

for  M=  S  =0.0886 a R,  AiS3=,2.CI3; 

forM=10  Z.,=,.=0.0I77aR. 

f-M-lO 

Usually  in  electromagnetic  pumps  M  is  large  and  reaches  10  -lO"^.  At 
large  values  of  M,  and  if  the  laminar  mode  is  conserved,  the  length 
of  the  Initial  portion  Is  of  the  order 

(11) 

h 

If  H  =  100  and  R  =  10  ,  then  *  a.  For  the  case  when  M  =  O.and  :R  = 
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2000,  the  length  of  the  initial  portion  Is  Ljj  _  q  =  3^0  a. 

Under  the  Influence  of  the  magnetic  field,  the  lengch  of  the 
Initial  portion  Is  greatly  reduced. 

The  dependence  of  the  pressure  distribution  along  the  channel 
axis  can  be  represented  by  the  following  expression: 


where  Pq  is  the  pressure  on  the  Initial  section  of  the  channel. 

Formula  (12)  Is  valid  only  for  a  traveling  field. 

When  M-*  0  we  obtain  from  (12) 

(13) 

Which  coincides  with  the  dependence  established  In  [7  (Formula  6.59)). 

The  relations  (4),  (8),  and  (12)  which  were  established  above  are 
physically  correct.  The  electromagnetic  mass  forces  shape  the  velocity 
profile  over  a  considerably  shorter  distance  from  the  inlet  Into  the 
channel.  The  author  knows  of  no  experimental  data  with  which  to  esti¬ 
mate  quantitatively  the  correctness  of  the  relations  obtained.  The 
organization  of  proper  experiments  is  highly  desirable.  However,  the 
foregoing  formulas  can  in  themselves  serve  as  a  base  for  a  suitable 
organization  of  experiments. 
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BATCHING  OP  LIQUID  METAL  WITH  THE  AID  OP 
ELECTROMAGNETIC  IJIDUCTION  PUMPS* 

I.M.  Klrko,  Ya.Ya.  Llelpeter 
Riga 

The  operating  features  of  an  electromagnetic  Induction  pump  used 
for  batching  of  liquid  metal  are  considered  In  the  paper.  Principal 
attention  Is  paid  to  an  analysis  of  the  steady-state  motion  of  the  . 
liquid  metal  for  a  specific  batching  scheme.  In  which  the  Induction 
pump  serves  the  lift  the  liquid  metal  to  a  given  height  and  to 
measure  a  definite  batch.  The  total  cycle  of  supplying  a  single  batch 
is  divided  Into  Intermediate  stages:  filling  the  supply  pipe,  pouring 
out  the  liquid  metal,  and  moving  it  by  Inertia  after  the  pump  Is 
turned  off.  Approximate  expressions  are  obtained  for  the  dependence 
of  the  povu’ed  batch  on  the  pump  characteristics  and  on  the  pipe  con¬ 
figuration;  these  expressions  are  of  significance  principally  for 
qualitative  derivations  and  estimates. 

Some  results  of  experiments  performed  on  a  batcher  model  are 
also  reported. 

The  results  of  the  experiments  agree  with  the  results  of  the 
derivations. 

The  paper  was  published  in  the  collection  "Works  of  the  Physics 
Institute  of  the  Academy  of  Sciences  of  the  Latvian  SSR"  Vol.  XII, 

1961. 


CONCERNIKa  THE  TRANSVERSE  EDGE  EFFECT  IN  INDUCTION  PUMPS 

L.Ya.  Ulmanls 
Riga 


Experimental  Investigations  of  the  transverse  edge  effect  In  In¬ 
duction  punqps  were  carried  out  on  metallic  plates  and  In  the  channel 
of  a  mercury  pump  with  flow  Q  -  0  [1].  The  reduction  of  the  experi¬ 
mental  data  yielded  an  empirical  formula  for  the  coefficient  which 
characterizes  the  transverse  edge  effect  In  Induction  puii^}3 

(i) 

Where  t  Is  the  pole  pitch  of  the  pump,  a  Is  the  width  of  the  metal 
layer  In  the  orifice  of  the  pump,  C  is  the  constant  (C  »  i). 

A  theoretical  calculation  of  the  transverse  edge  effect  was 
carried  out  by  A.I.  Vol’dek  [2]  and  N.M.  Okhremenko  [3].  A. I.  Vol'dek 
derived  the  following  formula*; 


V  I  r:  (2|?— 

fri  i-  M/rp?  i’ 


(2) 


where 


ch  ?,tt  +  cos  ^  ’ 
sia^a 

cb^ia-l-cos^  * 


p.=-^y/rT?+ 1. 
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o  —  electric  conductivity,  it  —  magnetic  permeability,  £  —  velocity  of 
light,  (u^  —  circular  frequency  of  traveling  magnetic  field  relative 
to  the  moving  medltun, 

^  •I*-*— oe, 

0)  —  circular  frequency  of  traveling  magnetic  field  relative  to  the 
stationary  system,  v  —  velocity  of  the  medium,  —  attenuation  coef¬ 
ficient,  equal  to  l/iC^. 

When  Y  =  0  formula  (2)  becomes 


(3) 


N.M.  Okhremenko  derived  an  analogous  formula  for  the  attenuation 

/  V  ^ 

coefficient  KiJ  for  individual  harmonics 


Here  v  Is  the  serial  number  of  the  harmonic .  Summing  over 

all  the  harmonics  we  obtain  formula  (3)» 

A  formula  similar  to  the  one  derived  by  the  two  aforementioned 
authors  was  obtained  also  by  modeling  [4]  of  the  electromagnetic 
phenomena  In  induction  pumps  by  means  of  an  electrolytic  trough  and 
on  electrically  conducting  paper. 

In  the  present  article  we  attempt  to  check  the  applicability  of 
the  methods  for  calculating  K^,  confirmed  by  experiment  for  Q  =  0,  to 
the  design  of  Induction  pumps  in  the  operating  mode  (Q  /  0). 

The  ratio 


(5) 


(6) 


Here  and  are  the  pressures 
developed  by  the  traveling  magnetic  - 
field  In  the  indue tlon-pump  model  in  the  presence  of  solidified  and 
liquid  metal  in  the  ch2uuiel>  respectively,  while  p^  ajdd  p^  are  the 
theoretical  relative  pressures  under  the  same  conditions. 

If  the  e:^resslon  for  holds  true  also  when  Q  0,  then  obviously 


P*  A 


(7) 


To  calculate  p^^  and  P2  we  assumed  that  1)  a  layer  of  electrically 
conducting  medium  of  thickness  b  (Fig.  1)  extends  without  limit  in  the 
X  and  y  directions,  2)  the  medium  moves  as  a  unit,  that  is,  the  re¬ 
distribution  of  the  velocity  in  the  pump  channel  is  neglected. 

The  normal  component  of  induction  B_  of  the  traveling  magnetic 
field  in  the  conducting  medium  is 


(8) 

where  Bq  —  induction  amplitude,  ^  —  time,  i  = 

The  following  boundary  conditions  were  assumed 

1) for  z  =  0  B»=^iBu 

2) for  z==^  Bo  =  «S2«'^.  ^  ‘ 

where  Bj^  and  Bg  are  respectively  the  induction  amplitudes  In  the  layer 
of  the  conducting  medium  at  z  =  0  and  z  =  b,  while  9  is  the  angle 

ft 

through  which  the  magnetic  induction  vector  is  rotated  on  passing 
through  the  layer  of  the  conducting  medium. 

Solving  the  system  of  Maxwell's  equations  by  a  method  similar  to 
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1 5]  and  i,o\,!Aaty  conditions  (5),  '•'■’t-  obtain 

P  ■**  ^^  **•' P'i 

=  .s'hli^^*  sJ'  l»(*  -■')+ Sh  p/l, 

- ^iS^I««shp(fc-*)+«»e*shpzJ. 


(10) 

(11) 

(12) 


where 


(13) 


P—  ya*+^T  =  P»+*P*5 
Pi=»«Pi.  P*=«Pi- 

Let  us  cut  out  mentally  a  region  of  width  a  and  length  2nT  from 
the  infinite  layer  of  the  medium.  The  average  p  of  the  pressure  over 
the  section  of  the  layer  in  the  region  under  consldei*ation  V  will  be 

o-Ssf.ffw''- 


tvt 


(1^) 


Corresponding  to  a  definite  current  in  the  stator  is  a  definite 
value  of  the  tangential  component  of  the  induction  on  the  surface  of 
the  layer  of  electrically  conducting  medium  (at  z  =  0) .  Consequently, 
in  order  to  compare  the  calculations  with  experiment,  it  is  convenient 
to  refer  p  to  the  square  of  the  tangential  component  of  Induction  at 
z  =  0; 


^  a*  • 

Of\ 


(15) 


After  several  mathematical  transformations  we  obtain  from  expres¬ 
sions  (10-12,  14,  15) 


_ nzVfUE^M 


(16) 

(17) 

(13) 


where 
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ch2p,&-cos2p,*=.;?. 

1 

^  shPift[{l+x?)chp,6—  2zcosp^co$9j  — 

*I  . 

+>‘*)cos  P2&— 2xch  P|6cos9]=3M, 


2shp|frcosP]6(Picos9  — P3Sin9)  +  2chPifrsIiip}A(p|Sin9-f>  (21) 

■hPtCosip)-y.(p,sh2p,b+ptsin2ptb)^U,  '  ' 

.-1.  (22) 

Prom  (17*  18,  7)  we  get  that  if  the  expression  for  Is  correct, 

we  should  have  at  Q  /  0 

(23) 

The  subscript  1  refers  here  to  the  solid  metal  and  2  refers  to 
the  liquid  metal* 

The  measurements  were  carried  out  In  a  model  of  an  Infinitely 

long  channel  [6].  The  liquid  metal  moved  through  a  closed  annular 

gap  between  two  cylinders  placed  In  the  stator  of  an  Induction  motor. 

Measurements  were  made  of  the  pressure  developed  by  the  rotating 

magnetic  field  In  a  layer  of  sodium  In  both  the  solid  and  In  the 

liquid  state,  and  of  the  average  speed  of  motion  of  the  metal  In  the 

gap  between  cylinders.  The  average  gap  radius  was  9.25  cm,  t  =  7.26  cm, 

b  =  1.64  cm  and  a  =  10  cm.  The  moment  of  inertia  of  the  moving  system 

_  *5  2 

of  the  measuring  installation  was  o.39’10-'^  g  cm  ,  while  the  elastic 

0  P 

torsion  of  the  wire  was  2220  g-cm  /sec  .  The  temperature  of  the  solid 
sodium  was  88°C  and  that  of  the  liquid  ll6°C.  The  stator  was  fed  with 
50  cycle  three-phase  current.  The  coefficient  of  the  experimental 
channel  calculated  from  formula  (l)  was  1.52. 

The  phase  lag  of  the  Induction  resulting  from  penetration  through 
the  layer  was  measured  with  the  aid  of  colls  located  on  both  sides  of 
the  channel.  The  voltages  and  Ug  Induced  in  the  coils  were  fed  to 
a  phase  sensitive  voltmeter,  which  In  this  case  was  used  as  a  null 
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Indicator.  The  zaxlmum  values  of  and  Ug  were  measured  with  a 
vacuum  tube  voltmeter.  The  quantity  <  was  defined  as 

«-‘§. 

where  k  Is  a  proportionality  coefficient  which  depends  on  the  para- 
ineters  of  the  coll. 

Knowing  7,  and  the  parameters  of  the  apparatus,  a  value  = 

=  1.24  was  obtained  theoretically  from  formulas  (19-21  and  23).  The  ex¬ 
perimental  value  of  4  obtained  with  the  apparatus  was  1.27.  The  dis¬ 
crepancy  between  the  results  Is  2.4^.  This  Is  fairly  good  agreement 
If  It  Is  recognized  that  the  theoretical  calculation  does  not  take 
account  of  the  bending  of  the  channel  and  of  the  metal  velocity  dis¬ 
tribution  of  the  cross  section  of  the  channel. 

We  can  thus  conclude  from  the  experiment  that  at  slips  0,83  < 

<  3  <  1,  at  which  the  measurement  was  carried  out.  It  Is  possible  to 
use  formula  (1)  In  the  design  of  Induction  pumps. 

The  work  was  carried  out  under  the  guidance  of  I.M.  Klrko. 


[Footnote] 
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MEASURETffiHT  OF  VELOCITIES  OF  A  LIQUID 
IN  KAGNEPOHYDRODYNAMICS  BY  THE  ELECTROMAGNETIC  METHOD 

Yu.M.  Mikhaylov 
Moscow 

The  measurement  of  liquid  velocities  is  of  great  Interest  for 
experimental  magnetohydrodynamics.  In  the  experimental  investigations 
[1,2],  the  velocities  were  measured,  as  in  ordinary  hydrodynamics, 
with  the  aid  of  a  Pitot  tube'.  It  must  be  noted  that  in  the  investiga¬ 
tion  of  magnetohydrodynamic  phenomena  the  Pitot  tube  distorts  not 
only  the  flow  profile  but  also  the  distribution  of  the  electromagnetic 
forces.  This  is  partlcylarly  important  in  experiments  where  the  volume 
of  the  metal  or  electrolyte  is  small. 

In  the  paper  presented  here  we  consider  the  possibility  of  employ¬ 
ing  an  electromagnetic  method  for  the  measurement  of  liquid  velocity. 
This  method,  by  virtue  of  certain  Inherent  features  (small  dimensions 
of  the  measuring  probes,  possibility  of  working  over  a  wide  range  of 
temperatures  and  in  active  media,  possibility  of  remote  recording  of 
the  readings,  etc.)  can  in  many  cases  turn  out  to  be  more  convenient 
than  the  ordinary  hydrodynamic  method. 

In  the  case  of  magnetohydrodynamlc  motions,  there  exist  in  the 
liquid  strong  electric  and  magnetic  fields,  Eq  and  Hq,  which  greatly 
Influence  the  motion  of  the  liquid.  These  fields  will  from  now  on  be 
called  force  fields.  Their  frequency  is  usually  that  of  the  commercial 
line  (50  cps) .  Even  If  constant  electric  and  magnetic  fields  are  used, 
the  50  cps  background  component  usually  has  sufficiently  large  magnl- 
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The  gist  of  the  proposed  rcethod  consists  of  the  following. 

An  auxiliary  Indicator  field  with  a  frequency  that  differs 

appreciably  from  the  force  field  frequency,  is  applied  to  the  Inves¬ 
tigated  volume  of  liquid.  The  amplitude  of  the  Indicator  field  is 
chosen  to  be  small  so  as  to  exclude  the  possibility  of  Interaction  be¬ 
tween  the  liquid  and  the  Indicator  field.  The  measurements  are  carried 
out  In  the  Indicator  field  In  accordance  with  the  ordinary  procedure 
engiloyed  when  working  with  a.c.  electromagnetic  flow  meters. 


1  2 


Fig.  1.  Diagram  of  apparatus  for 
the  measurement  of  the  velocity  of 
liquid  in  a  homopolar  unit. 

Ij  Selective  amplifier,  k  =  10^; 

2)  phase  detector;  3)  phase  shift¬ 
er;  4)  automatic  recorder. 


Pig.  2.  Vertical 
section  through 
planar  flow.  The 
velocity  of  the 
liquid  is  directed 
perpendicular  to 
the  plane  of  the 
flgtire  In  the  di¬ 
rection  of  the  y 
axis. 


Figure  1  shows  a  block  diagram  of  an  in- 
fralow  frequency  electromagnetic  flow  meter, 
suitable  for  the  aforementioned  measurements. 
The  flow  meter  operates  at  frequencies  from  1 
to  5  cps.  A  similar  flow  meter  for  11  cps  was 
described  by  James  [3],  so  that  we  shall  not 
present  a  detailed  description  here.  We  only 
point  out  that  the  apparatus  Is  synchronized 
by  a  NGPK-2  low-frequency  generator,  the  signal 
from  which  Is  fed  through  an  amplidyne  (E2-IU)  to 


the  winding  of  the  Indicator  coll  3. 

The  emf  Is  proportional  to  the  velocity  of  motion  and  Is  picked 
up  from  the  measuring  electrodes  and  then  fed  to  a  narrow  band  vacuum 
tube  amplifier  tuned  to  the  flow  meter  frequency.  Special  measures  are 
used  In  the  apparatus  to  eliminate  the  Influence  of  the  force  fields 
on  the  reading  of  the  Instruments. 

The  signal  from  the  amplifier  Is  fed  to  a  phase  detector,  which 
generates  a  signal  proportional  to  the  velocity  and  In  which  the  sig¬ 
nal  due  to  the  variation  of  the  magnetic  flux  is  suppressed. 

The  electromagnetic  method  makes  it  possible  to  measure  both 
average  and  local  liquid  velocities.  In  the  latter  case,  however,  its 
use  Is  limited,  and  therein  lies  the  shortcoming  of  the  electromag¬ 
netic  method.  One  can  point  out  only  individual  flow  geometries  in 
which  measurement  of  the  potential  gradients  yields  directly  the  dis¬ 
tribution  of  the  flow  velocity.  In  the  case  of  planar  flow  (Pig.  2) 
bounded  by  walls  2=0  and  z  =  h,  in  the  presence  of  small  velocity 
gradients  at  a  distance  h  in  the  x  direction,  the  direction  of  the 
Indicator  field  can  be  chosen  to  be  along  the  x  axis;  In  this  case, 
the  distribution  of  the  potential  gradient  ^rp/bz  Is  proportional  to 
velocity  5(p/Sz  =  [4], 

Analogously,  for  a  rotating  liquid  with  axial  symmetry.  It  is 
advantageous  to  choose  an  axial  magnetic  Indicator  field.  In  this  case 
the  distribution  of  the  potential  gradient  bp/br  Is  proportional  to 
the  9  component  of  the  velocity  of  the  liquid  b^/br  = 

There  exist  also  other  flow  geom.etries,  in  which  the  local  ve¬ 
locity  of  the  liquids  can  be  measured  directly  [5]- 

In  experiments  carried  out  in  the  magnetic  laboratory,  the  Indi¬ 
cated  method  was  used  to  m.easure  the  average  velocity  of  electrolyte 
In  a  homopolar  unit  of  small  dimensions  (rj^  =  10  mm,  =  25  mm). 


Flgiire  1,  as  already  Indicated,  shows  the  general  arrangement  oi'  the 
apparatus.  H  and  S  are  the  poles  of  the  electromagnet  used  to  produce 
the  vertical  field  a  and  b  are  the  concentric  cylindrical  electrodes 
of  the  homopolar  unit,  1  and  2  are  the  measuring  probes,  and  3  Is  the 
Indicator  coll.  The  velocities  measured  were  on  the  order  of  1  cin/sec, 
and  the  small  dimensions  of  the  homopolar  unit  didn't  make  It  possible 
to  compare  quantitatively  this  method  with  the  ordinary  hydrodynamic 
methods.  This  comparison  will  be  made  once  apparatus  of  larger  size  Is 
constructed. 
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USE  OF  ELECTROMAGNETIC  FLON  METERS  FOR  THE  MEASUREMENT 
OF  THE  FLOW  OF  LIQUID  MEDIA  WITH  IONIC  CONDUCTIVITy 

L.M.  Korsunskiy 
Kharbkov 

The  \«ork  dealt  with  a  theoretical  and  experimental  Investigation 
of  electromagnetic  flow  meters  with  rectangular  channel.  The  result 
of  the  experiment  confirmed  the  theoretical  conclusions  that  the 
readings  of  electromagnetic  flow  meters  with  rectangular  channels  and 
with  electrodes  that  average  out  the  electric  field  are  Independent, 
of  the  velocity  diagram  for  any  arbitrary  distribution  of  the  veloci¬ 
ties  In  the  channel  of  the  instrument. 

The  paper  was  published  in  the  Journal  "Measurement  Technique," 

10,  i960. 
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SOME  RESULTS  OF  AN  EXPERIMENTAL  INVESTIGATION  OP  . 

TURBULENT  PLOW  OF  LIQUID  METAL  IN  A  TRANSVERSE  MAGNETIC  FIELD 

G.G.  Branover,  O.A.  Llelausls 
Riga 

The  question  ol*  the  flow  of  liquid  metal  In  channels  In  the 
presence  of  a  magnetic  field’  occupies  a  somewhat  unique  position  In 
magnetohydrodynamics.  Some  of  the  specific  magnet ohydrodynamlc  phenom¬ 
ena  are  missing  here.  A  flow  takes  place.  In  which  In  addition  to  the 
force  fields  that  are  customary  In  hydrodynamics,  such  as  gravitation, 
viscosity,  and  inertia,  it  Is  also  necessary  to  take  Into  consideration 
the  field  of  electromagnetic  ponderomotlve  forces.  As  shown  by 
Hartmann  [!»  2]  the  foregoing  forces  give  rise  In  the  case  of  turbu¬ 
lent  flow  In  a  transverse  magnetic  field  to  an  equalization  of  the 
velocities  In  the  central  part  of  the  section  (the  Hartmann  effect) 
and  to  the  appearance  of  turbulent  velocity  pulsations.  The  influence 
of  the  magnetic  field  on  the  hydraulic  resistance  is  determined  by 
the  relationship  betv;een  these  two  oppositely  directed  but  interrelated 
effects.  For  turbulent  flow  at  low  Reynolds  numbers  (Hartmann's 
experiments)  [2]  the  resistance  decreases  with  increasing  magnetic 
field.  In  the  case  of  large  Reynolds  numbers  (the  Murgatroyd  experi¬ 
ments  [3J)»  the  resistance  Increases.  For  a  definite  Reynolds  number 
Interval,  the  resistance  ivlll  not  change  with  increasing  field,  that 
Is,  the  two  mentioned  effects  cancel  each  other. 

In  the  case  of  flow  in  a  longitudinal  field  [4J,  one  cannot  ex¬ 
pect  the  Hartmann  effect.  The  resistance  in  this  case  decreases  mono- 
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tonlcally  with  the  Increasing  field,  this  being  due  to  the  suppression 
of  turbulent  pulsations. 

Harris  [5l  attempted  to  develop  a  seml-emplrlcal  theory  based  on 
the  results  of  Hartmann's  and  !-!urnatroyd 's  experiments  and  on  several 
assumptions.  Another  scheme  for  constructing  a  seml-emplrlcal  theory 
was  proposed  by  G.G.  Branover  [6].  However,  the  available  experimental  • 
data  are  undoubtedly  insufficient  for  a  satisfactory  development  of 
the  foregoing  theories.  Experiments  must  be  carried  out  to  study  the 
Internal  structure  of  turbulent  streams  in  a  magnetic  field.  It  Is 
necessary  first  of  all  to  develop  a  procedure  for  such  experiments. 

We  have  undertaken  an  attempt  at  an  experimental  study  of  the  In¬ 
fluence  of  the  transverse  field  on  the  velocity  distribution.  In  an 
earlier  paper  [7l  we  traced  the  Hartmann  effect  In  the  case  when 
there  Is  a  sharply  pronounced  nonuniformity  in  the  velocity  distribu¬ 
tion,  brought  about  by  the  curvature  of  the  channel. 

In  the  present  work  the  experiments  were  continued  as  applied  to 
the  case  when  the  velocities  without  the  field  have  the  distribution 
usually  prevailing  for  turbulent  flow  in  channels. 

The  experimental  setup  (Fig.  1)  comprised  a  hydraulic  system 
with  closed  circulation  of  mercury,  set  in  motion  by  means  of  a  d.c. 
electromagnetic  pump  K.  The  operating  parts  of  the  setup  were  two 
stralght-llne  rectangular  channels  three  centimeters  wide,  one  of 
which,  150  cm  long,  was  placed  between  the  poles  of  an  electromagnet, 
which  produced  a  field  up  to  1750  Gauss,  while  the  second,  100  cm  long, 
was  used  for  comparison.  The  channels  were  glued  together  of  organic 
glass  and  Interconnected  with  polyethylene  tubes  with  Inside  diameter 
4.5  cm.  The  average  depth  of  the  mercury  In  the  channel  was  4.5  cm. 

The  flow  was  measured  with  a  Venturi  type  flow  meter  made  of  organic 
glass. 
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Fig.  1.  Diagram  of  experimental 
setup  (plan). 


Pig.  2.  Diagram  or 
Pitot  tube  and  dif¬ 
ferential  manometer. 


The  motion  in  the  channels  was  without 
pressure  head,  so  that  the  velocities  could 
be  measured  with  the  aid  of  a  Pitot  tube.  The 
tube  was  so  Installed  that  the  dynamic  pres¬ 
sure  transmitter,  which  comprised  a  glass 
fitting  0.35  cm  In  diameter  and  3.5  cm  long, 
with  an  Inlet  aperture  of  0.15  cm  diameter, 
could  move  over  the  entire  area  of  the 
channel  section  and  come  In  the  limit  as 
close  as  0.175  cm  to  the  walls.  The  static 
pressure  transmitter  was  a  plezometric  aper¬ 
ture  in  the  channel  wall  in  the  same  section. 
The  transmitters  were  connected  to  a  differ¬ 
ential  manometer  (Fig.  2).  The  minimum 
velocity  that  could  still  be  measured  was 
about  3  cm/sec  at  an  error  on  the  order  of 
10- 15^^.  At  higher  velocities  the  measurement 
accuracy  Increased  correspondingly. 

All  the  experiments  were  carried  out 


with  turbulent  flow  conditions.  The  velocities  were  measured  In  a 
section  130  cm  away  from  the  entrance  of  the  flow  into  the  magnetic 


field.  Control  ,T.ea3urer.ent3  have  3hov/n  that  this  length  Is  sufficient 
for  coniplete  development  of  the  effect  of  the  magnetic  field  on  the 
flow. 

The  Reynolds  number 


where  p  —  density  of  the  liquid,  v  —  average  flow  velocity,  tj  —  dynam¬ 
ic  viscosity  coefficient,  R  —  hydraulic  radius,  equal  to  the  ratio  of 
the  cross  section  area  to  tjhe  wetted  perimeter*  ranged  in  the  experi¬ 
ments  from  Re  =  6680  to  Re  =  l8,400. 

The  Hartmann  number 

where  B  —  induction  of  the  field,  o  —  electric  conductivity,  ranged 
in  the  experiments  from  M  =  0  to  M  =  41.5. 


Fig.  3.  Velocity  distribution  In  a  chan¬ 
nel  with  smooth  walls  as  a  function  of 
the  field  Intensity,  l)  cra/sec. 


ag . 

Pig.  4.  Variation  of  the  coeffi¬ 
cient  of ' resistance  In  a  channel 
with  artificial  roughness,  as  a 
function  of  the  field  Intensity. 

The  Reynolds  number  values  are: 

O  -  6680,  7  -  9650,  X  -  11,900, 

•  -  13,000,  A  -  14,900.  Curve  1 
corresponds  to  the  Blaslus  value 
of  X  at  Re  =  12,000. 

Some  of  the  results  of  the  measurement  of  the  velocities  In 
different  points  of  the  channel  width,  at  half  depth,  are  shown  In 
Pig.  3»  where  one  can  trace  the  flattening  of  the  velocity  diagram 
with  increasing  M,  that  Is,  the  Hartmann  effect  at  different  values 
of  Re. 

The  equalization  of  the  velocities  can  be  characterized  by  the 
ratio  of  the  velocity  at  the  point  closest  to  the  wall  to  the  velocity 
on  the  flow  axis.  As  a  result  of  all  the  measurements  it  turned  out 
that  this  quantity  ranged  on  the  average  from  0.7  or  0.8  at  M  =  0  to 
0.97  at  M  =29. 

The  measurements  of  the  velocities  at  different  depths  have 
shown  that  the  vertical  velocity  diagram  does  not  experience  any 
changes  upon  application  of  the  field,  up  to  the  largest  value  of 
H  at  which  the  measurements  were  still  carried  out. 

In  addition  to  measuring  the  velocities,  we  measured  in  the 
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experlcents  the  change  In  depth  over  a  length  of  95  cn  arid  calculated 
the  resistance  coefficient.  However,  for  all  the  experimental  values 
of  the  Reynolds  number,  the  changes  In  the  resistance  coefficient 
turned  out  to  lie  within  the  limits  of  the  measurement  accuracy,  which. 
In  view  of  the  small  absolute  value  of  the  depth  difference,  was 
approximately  +10^.  * 

Until  recently  all  the  Investigations  of  the  flow  of  a  liquid 
metal  in  a  transverse  magnetic  field,  whether  experimental  or  theoret¬ 
ical,  pertained  only  to  flows  bounded  by  smooth  walls.  One  of  the  main 
results  of  these  investigations  is  the  conclusion  that  the  coefficient 
of  hydraulic  resistance  varies  with  the  field  only  Insignificantly 
over  a  considerable  portion  of  the  region  where  the  turbulent  flow 
exists,  and  corresponds  approximately  to  the  Blaslus  formula  for 
smooth  pipes.  We  have  attempted  to  study  experimentally  the  flow  of  a 
liquid  metal  in  a  transverse  magnetic  field  between  walls  that  had 
artificial  roughness. 

We  used  the  experimental  setup  described  above  (see  Pig.  l). 
Artificial  roiighness  was  created  on  the  side  walls  of  the  channel. 

In  the  form  of  rectangular  strips  5  mm  wide  and  2  mm  high,  placed  at 
intervals  of  5  nun.  The  roughness  was  made  so  coarse  In  order  to  dis¬ 
close  primarily  the  principal  features  of  the  phenomenon. 

The  experiments  were  carried  out  in  the  same  Reynolds  number  in¬ 
terval  as  for  the  smooth  walls.  It  turned  out  that  in  the  case  of 
rough  walls  the  neutralization  or  the  Hartm.ann  effect  by  the  suppres¬ 
sion  of  the  turbulent  pulsations,  which  apparently  occurs  In  the  case 
of  smooth  walls,  no  longer  holds  true,  and  a  sharp  Increase  In  the 
resistance  coefficient  Is  observed  with  increasing  magnetic  field 
induction. 

Figure  4  shows  the  dependence  of  the  resistance  coefficient 
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Pig.  5.  Velocity  dl.3- 
trlbutlon  In  a  channel 
with  rough  walls  as  a 
function  of  the  field 
Intensity. 


In  a  niagnetlc  field,  on  the  ratio 
M^/Re  for  different  values  of  Re.  Figure 
5  shows  the  modification  In  the  velocity 
diagram  over  the  width  of  the  channel 
resulting  from  the  magnetic  field.  The  pro-^ 
cedure  for  measuring  the  velocities  was  the 
same  as  In  the  case  of  a  channel  with 


smooth  walls. 
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EFFECT  OF  THE  14AGNETIC  FIELD  ON  THE 

RESISTANCE  IN  THE  FLOW  OF  MERCURY  AROUND  SOME  BODIES 

• 

O.A.  Lielausls,  A.B.  Tslnober 
Riga 

In  the  present  communication  we  report  the  results  of  experi¬ 
ments  on  the  measurement  of  the  resistance  In  the  case  of  the  flow  of 
a  homogeneous  mercury  stream  around  bodies  In  a  homogeneous  transverse 
magnetic  field.  The  bodies  tested  were  a  sphere  and  a  plate. 

1.  EXPERIMENTAL  SETUP 

An  annular  magnet^hydrodynamic  channel  of  rectangular  cross 
section  was  used  In  the  experiments.  The  channel  comprised  a  ring  of 
rectangular  section  with  average  diameter  50  cm,  width  3  cm,  and 
depth  6  cm,  placed  in  the  gap  K  of  a  magnetic  circuit  M,  In  which  the 
coll  0  is  located  under  the  bottom  of  the  channel  [1]. 

The  entire  channel  was  uniformly  rotated,  and  after  a  relatively 
short  time  interval  the  mercury  in  the  channel  acquired  a  velocity 
equal  to  the  velocity  of  the  channel,  that  Is,  was  stationary  relative 
to  the  channel.  Thus,  a  homogeneous  stream  of  mercury  was  incident  on 
a  stationary  body  placed  in  the  gap  of  the  channel.  If  we  neglect  the 
curvature  of  the  channel. 

Three  gold  spheres  0.5  cm  were  Immersed  In  the  mercury,  secured 
with  molybdenum  wires  P  0.3  mm  In  diameter  at  the  vertices  of  an 
equilateral  triangle  T,  which  formed  a  trifllar  suspension  over  the 
channel  (Fig.  1). 

The  depth  of  Immersion  was  half  the  total  depth  of  the  mercury, 
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which  In  turn  was  5  cs.  To  prevent  corrosion,  a  protective  layer  of 
BP-2  glue  was  placed  on  the  sphere. 

The  resistance  force  was  measured  by  determining  the  angle  or 
rotation  of  the  trlfllar  suspension. 

The  resistance  of  a  plate  0.8  cm  wide  ar.d  0.1  cm  thick.  Immersed 
at  a  depth  of  3  cm,  was  also  measured,  and  photographs  were  taken  of 
the  Karman  vortex  street  In  the  magnetic  field.* 

Figure  1  shows  a  schematic  section  through  the  apparatus. 


Fig.  1.  Schematic  section  through 
the  apparatus. 


2.  EXPERIMENTAL  RESULTS 


Figure  2  shows  the  experimental  curves  of  the  dependence  of  the 

/ 


resistance  coefficient  of  a  sphere  at 


2^T 


=•  on  the  Hartmann 


number  for  four  values  of  the  Reynolds  number  Re  =  pvd/i), 

where  f  Is  the  resistance  force,  p,  v,  o,  and  t|  are  the  density, 
velocity,  specific  electric  conductivity,  and  the  dynamic  viscosity  of 
the  mercury,  respectively,  B  Is  the  magnetic  Induction  and  d  Is  the 
diameter  of  the  sphere. 

In  the  upper  left  corner  of  Pig.  2  are  shown  the  experimental 
curves  of  the  dependence^of  the  resistance  coefficient  of  a  plate,  at 


Pig.  2.  Curves  showing  the  dependence  of  the 
resistance  coefficient  c^  of  a  sphere  and  of 

a  plate  on  the  Hartmann  number  M. 


C/  = 


X 

iptrS 


on  the  Hartmann  number 


for  two  values  of  the 


Reynolds  number  Re  =  pva/i],  where  S  Is  the  area  of  the  Immersed  part 
of  the  plate  and  a  Is  the  width  of  the  plate. 

Figure  3  shows  photographs  of  the  Karman  vortex  street  In  mercury 
behind  a  plate  In  a  magnetic  field  (Re  =  7000) . 

As  can  be  seen  from  Fig.  2,  at  small  magnetic; fields  the  resistance 
of  the  bodies  In  the  stream  changes  little,  and  then  m.onotonlcally  In- 


•m 
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creases  with  the  Increasing  r^gnetlc 

field. 

Photographs  of  the  Karman  vortex 
street  in  mercury  behind  a  plate  In  a 
magnetic  field  show  that  with  Increasing 
field  the  apparent  length  of  the  street 
decreases,  which  confirms  the  fact  that 
the  magnetic  field  suppresses  the  vor¬ 
tices. 


In  conclusion,  several  remarks  should 
be  made. 

As  is  well  known,  under  ordinary 
conditions  the  surface  of  mercury  is  not 
a  liquid,  but  Is  covered  by  a  practical¬ 
ly  solid  film.  • 

In  order  to  eliminate  this  film,  the  sui’face  of  the  mercury  was 
covered  with  a  3-5^  solution  of  nitric  acid,  making  it  possible  to 
greatly  attenuate  (but  not  completely  eliminate)  the  effect  of  the 
surface  film  on  the  measurements. 

It  must  also  be  emphasized  that  the  described  experiments  are 
preliminary  and  are  aimed  at  disclosing  the  character  of  the  phenomena, 
so  as  to  set  up  more  accurate  experiments. 


Fig.  3-  Effect  of  trans¬ 
verse  magnetic  field  on 
the  Karman  vortex  street 
In  mercury  behind  a 
plate. 
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Sa  participated  In  the  photography 

of  the  Karman  vortex  street.  ^  ^ 
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KFKiiCT  OF  tran.‘*.vi-;h::k  macni-:tjo  |.Ml•;r.!)  on  Tin-; 

LOCAL  IIYOnAULIC  IMiFJ.'ITANCK  IN  A  MlvRCUFY  nTHI-jAM 

G.G.  lii'amivcr,  O.A.  Fii •-■J au;; i ;; 

Rll'a 

Tht:  qu(.:;Lion  (jl‘  tlio  ;;ucldcii  cxpaiiitioii  oT  a  l.urbiiJonl.  ::Lx'i.’arti, 
which  ha:;  been  invc;;1, i/'atod  In  detail  In  ordinary  iiydrodynatni.c:;  (  I. 

2j,  ha:;  :;o  far  not  been  con:;ldercd  for  the  ca:;e  when  a  ina/'netic:  fi<  Id 
1::  i)i*e;;ent  and  the  Ji<iul<l  i:;  conductlnt;.  Yel,  :;iich  a  ()in;::tion  ha:; 
applied  :;l/'nlficam:e  and  in  alno  of  lritcre:;t  fi-om  the  point  of  view  of 
the  invent  1 /'atlon  of  the  Influcrnce  of  the  field  on  the  internal 
::tructui‘e  ol‘  the  turbulent  ntream,  and  on  the  dl:;:;ipati  on  of  enerfiy 
In  the  eddle:;  that  are  obnei'ved  whenever  the  trannver::e  cro::;;  neetton 
of  the  :;treain  chanco:;  form  abruptly. 

In  the-  prc;;ent  fiaper  we  report  the  ronultn  of  an  experimental 
Invent  l/'ati  on  of  thin  quentlon  a:;  applied  to  piane-prirM  1  lei  flow  of 
nu.Tcux'y  in  a  trannverne  magnetic  field.  The  experimental  netnp  :;liowii 
In  Fig.  1  comj)r-i;:ed  a  cloned  nyntem  connintlng  of  a  d.c.  pump,  K.  tlie 
opei-atlng  part  P,  and  a  Venturi  type  flov;  meter  B,  interconnected  by 
rubber  tubing.  The  operating  portion  of  the  netup  wa;;  in  tiie  form  of 
a  channel  4.0  cm  high  arid  0.3  cm  v;lde  In  Itn  narrow  portion  and  0.3 
cm  wide  In  tdie  broad  portion.  Tiie  chatmel  wan  gliic.-d  togettior  of 
organic  gla;;:;.  It  wan  placed  between  the  pole;;  of  a;i  electromagnet 
producing  a  field  up  t.o  4000  Griu;:n,  correnpond Ing  to  a  Hartmann  numijer 
M  -  41.4. 

Tile  purpon.e  of  the  experiment:;  wan  to  iiiako  nure  the  prenn.ur-e  drop 
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cau;u>d  by  local  hydraulic  roalalance.  Tor  which  jjiifjjocc  l.wo 
l)lc;jomeLorr;  were  uacd,  broughl;  otit  of'  poliila  located  (J.l,  cm  ahead  or 
the  expansion  and  3.0  cm  behind  It.  The  third  pIezomi,d.er  wa::  bronr:lit 
out  I’rom  a  ledge  In  Lite  wall  in  the  croac  necl. Ion  where  the*  abrupt 
cxpanr.lon  took  place.  Aa  can  bo  aeon  Trom  tiie  rigure,  tiio  meaa.iij-lng 
tubea  ol‘  the  piezometora  had  cylindrical  thickened  portlona.  In  which 
the  mercury  bordered  on  water  poured  above  it.  Wltii  the  tiilcker  por¬ 
tion  having  a  diameter  3.5  cm  and  the  thin  tube  having  a  dJametex'  O.tj 
cm,  the  changes  in  the  level  In  the  thin  tubea  were  magnll'led  13  tlmea 
compared  with  ordinary  plczomotera  (31. 


Fig.  1.  Diagram  of  experimental  setup. 

In  the  experiments,  the  flow 

ranged  from  6.0  to  52.3  cm^/aec,  cor- 

reapondlng  to  a  variation  In  the 

Reynolds  numbers  over  the  InveaUlgated 

portion  o!'  the  stream  from  Re  -  6Bo  to 

Re  =  5960.  In  each  of  the  experiments. 

Fig.  2.  Change  in  the  coef-  a  certain  constant  value  of  the  flow 
flclent  of  resistance  as  a 

function  of  the  magnetic  was  maintained,  and  the  readings  of 

field  Intensity. 

the  piezometers  were  fixed  for  succes¬ 
sively  increasing  values  of  the  magnetic  field  Induction.  The  results 
of  the  measurements  of  the  pressure  drop  are-  shown  in  Fig.  2.  The  . 
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vertical  axis  represents  here  the  local 
resistance  coefficient 
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Pig.  3*  Change  In  pressure 
on  the  ledge  of  the  wall 
as  a  function  of  the  mag¬ 
netic  field  Intensity. 


where  Ap  —  pressure  drop,  Vg  —  average 
flow  velocity  in  the  broad  part  of  the 
channel,  p  —  density  of  the  mercury. 

The  horizontal  axis  represents  the 
ratio  i^/Re  (H  is  the  Hartmann  number 


referred  to  the  half- width  of  the  channel  past  the  expansion  and  Re 
is  the  Reynolds  niunber,  referred  to  the  same  width),  which,  as  Is  well 
known,  has  the  meaning  of  the  ratio  of  electromagnetic  forces  to  the 
Inertia  forces. 

It  is  easy  to  show  that  the  specific  per  second  energy  loss 
necessary  to  overcome  the  magnetic  braking  of  the  eddies  formed  on 
both  sides  of  the  Jet  is  proportional  to  M^/Re.  In  the  absence  of  a 
field,  the  values  of  are  in  approximate  agreement  with  the  Borda 
theorem.  When  the  field  Is  applied,  the  values  of  begin  to  decrease, 
the  explanation  of  which  must  apparently  be  sought  In  the  suppression 
of  the  turbulent  pulsations  by  the  field;  a  minimum  of  these  values  Is 
reached  when  i/?/Rs  Is  close  to  0.2.  Further  Increase  In  M^/Re  causes 
the  braking  effect  to  predominate  over  the  suppression- of  the  turbu¬ 
lence,  and  the  experimental  points  approach  the  straight  line  r  ~ 

’m 

-  M^/Re.  There  are  still  not  enough  experimental  points  to  be  . able  to 
suggest  what  takes  place  when  f^/Re  >0.4. 

Accurate  to  the  scatter  of  the  experimental  data  shown  in  Fig.  2, 
we  can  assume  that  is  Independent  of  Re. 

Figure  3  shows  an  example  of  the  variation  of  the  pressure  on 

the  ledge  of  the  wall  with  Increasing  field  Induction.  The  vertical 

■% 
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axis  roprecento  the  difference  between  the  presc-r-e  p'  on  the  led.je 
and  the  pressure  Pj^  In  the  channel  prior  to  the  expansion,  referred 
to  the  velocity  head. 
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EFFECT  OF  MAGNETIC  PIEIJ)  ON  TURBULENT  TRANSPORT 
PROCESSES  IN  A  STREAM  OP  MERCURY 

O.Q.  Branover,  O.A.  Llelausia 
Riga  . 

Various  nagnetohydrodynamlc  Installations  with  liquid  metal ' 
have  already  proved  their  effectiveness.  However,  for  a  better  utlliza* 
tlon  of  their  capabilities,  and  also  to  take  Into  account  the  specific 
features  In  the  constinictlon  of  these  devices,  more  accurate  Informa¬ 
tion  Is  necessary  concerning  the  Influence  of  the  magnetic  field  on 
turbulent  transport  processes  In  liquid  metals.  Even  Hartmann  [1]  ad¬ 
vanced  the  suggestion  that  radical  changes  take  place  In  the  structure 
of  turbulence  In  a  magnetic  field.  This  is  directly  evidenced  by  the 
work  of  Globe  [2],  who  established  that  a  longitudinal  field  that 
does  not  act  on  the  average  velocity  diagram  decreases  the  resistance 
in  turbulent  flow.  Such  a  deduction  follows  indirectly  also  from  our 
own  work  [3,  ^1* 

It  is  necessary  to  stop  and  discuss  the  specific  features  of 
the  analysis  of  experimental  results  on  the  Influence  of  the  trans¬ 
verse  magnetic  field  on  the  coefficient  of  turbulent  resistance.  We 
make  use  of  the  remarkable  experimental  fact  that  the  coefficient 
of  resistance  which  the  flow  loses  its  laminar  character, 

is  Independent  of  the  applied  transverse  magnetic  field.  We  find  that 
for  the  region  or  turbulent  flow  where  X  at  H  =  0  exceeds  the  value 


=  const,  the  magnetic  field  will  decrease  the  resistance  down  to 


total  laminarization  at 


Xjj,  *•  Th®  results  of  Hartmann's  work 


pertain  to  this  region.  For  Reynolds  nur.bers  si-ch  that  X  at  H  =  0  Is 

less  than  x_  ,  an  Increase  In  the  field  gives  rise  to  an  Increase  In 
-  ™kr 

the  resistance.  This  Is  seen  from  the  work  of  Kurcatroyd  [5l.  It 
follows  from  the  foregoing  that  a  study  of  the  Influence  of  the  mag¬ 
netic  field  on  the  turbulent  flow  of  a  liquid  metal  In  which  only  the 
change  In  the  coefficient  of  resistance  Is  taken  Into  account  may  be 
misleading.  There  exists  a  region  of  Reynolds  numbers  In  which  the 
magnetic  field  does  not  Influence  the  coefficient  of  resistance.  In  . 
spite  of  the  fact  that  the  structure  of  the  flow  Is  greatly  modified. 

It  Is  possible  to  study  the  Influence  of  the  magnetic  field  also 
by  using  other  features,  say  the  change  In.  the  mass  transfer  process. 

A  study  of  the  Influence  of  the  field  on  mass  transfer  Is  of  great 
significance  In  Itself.  In  almost  all  magnetohydrodynamlc  Installa¬ 
tions  we  encounter  the  problem  of  corrosion  of  the  structural  materials 
In  the  liquid  metals,  and  the  phenomena  of  turbulent  mass  transfer 
play  a  primary  role  here. 

We  have  set  up  experiments  on  the  study  of  the  Influence  of  the 
magnetic  field  on  the  dissolution  of  lead  In  a  turbulent  stream  of 
mercury.  An  amalgamlzed  specimen  of  lead  of  rectangular  form  (3  X  1.5  X 
X  0.25  cm)  was  Inserted  In  a  cut  made  at  the  center  of  a  rectangular 
organic  glass  plate  measuring  25  X  3  X  0.25  cm.  This  was  a  crude  Imi¬ 
tation  of  the  conditions  under  which  a  material  Is  dissolved  away  from 
a  wall.  One  plate  with  the  specimen  was  placed  In  the  mercury  stream 
vertically  along  the  axis  of  the  experlmiental  portion  of  a  straight 
magnetohydrodynamlc  channel  [3]»  The  second  plate  was  irrim.ersed  hori¬ 
zontally  to  half  the  depth  of  the  mercury  in  the  channel.  Two  other 
plates.  Intended  for  com.parlson,  were  placed  In  strictly  analogous 
fas'hlon  In  a  second  linear  portion  of  the  channel  where  H  =  0.  After 
a  certain  time  the  plates  were  removed  and  the  reduction  In  the 
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weights  of  the  lead  specimens  determined.  All  the  specimens  had  the 
same  dimensions,  so  that  the  absolute  reduction  In  the  v;elght  of  the 
specimens  can  be  regarded  as  characteristic.  Table  1  lists  the  average 
values  of  the  experimental  results.  As  can  be  seen  from  the  table,  the 
magnetic  field  slows  down  the  dissolution  of  the  lead.  This  must  be 
attributed  to  a  reduction  in  the  turbulent  mass  transfer,  that  is, 
to  a  reduction  in  the  pulsating  components  of  the  velocity  In  the 
magnetic  field. 
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Average  flow  velocity  v  (cm/sec);  2)  magnet¬ 
ic  field® induction  B  (Gauss);  3)  absolute  de¬ 
crease  in  the  weight  of  the  specimen  outside  the 
magnetic  field;  4)  absolute  decrease  in  the 
weight  of  the  specimen  In  the  magnetic  field, 

5)  vertical  specimen  AP{(r);  6)  horizontal  speci¬ 
men  AP][(r)- 
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CERTAIN  PROBLEMS  IN  THE 
CONTACT  PROPERTIES  OP  METALLIC  SURFACES 

R.K.  Dukure,  G.P.  Upit 
Riga 

In  the  present  Investigation  we  measured  the  electric  resistance 
in  the  zone  of  contact  between  a  solid  metal  and  a  liquid  metal. 
Systems  comprising  stainless  steel  with  mercury,  gallium,  sodium, 
potassium,  lead,  and  its  alloy  with  bismuth  were  investigated. 

The  contact  resistance  was  determined  as  the  difference  between 
the  system  resistance  in  the  presence  of  contact  resistance  on  the 
Investigated  surfaces  and  in  the  absence  of  the  contact  resistance, 
using  a  direct  method  viith  a  Thomson  double  bridge. 

The  absence  of  contact  resistance  was  attained  by  wetting  the 
solid  metal  with  liquid  metal. 

It  was  established  as  a  result  of  the  measurements  that  in  the 
presence  of  wetting  the  contact  resistance  completely  disappears. 

In  the  absence  of  wetting,  the  contact  resistance  is  unstable 
and  may  assume  different  values  depending  on  the  thickness  of  the  • 
oxide  films  and  the  degree  of  contamination  of  the  surfaces  by  the 
adsorption  films. 

When  the  system  is  heated  to  400°C,  the  adsorption  films  dis¬ 
appear  and  the  contact  resistance  drops  to  a  stable  minimum. 

The  paper  was  published  in  the  collection  "Works  of  the 
Institute  of  Physics,  Academy  of  Sciences  Latvian  SSR,"  Vol.  XII, 


CONCERNIIia  THE  STABILITy  OF  FREE  SUSPEJISION  OF  A 
DROP  OF  LIQUID  METAL  IN  AN  ALTERNATING  MAGNETIC  FIELD 

I.M.  Klrko,  A.E.  Mlkel'son 
Riga 

In  a  paper  delivered  to  the  Magnet ohydrodynamlc  Conference  of 
1958,  R.G.  Zhezherln  Indicated  [1]  that  the  realization  of  an  "electro¬ 
magnetic  crucible,"  namely  a  freely  suspended  floating  mass  of  metal, 
is  frequently  hindered  by  instability.  The  center  of  gravity  of  the 
drop  of  the  suspended  liquid  sometimes  goes  into  oscillation  .with 
Increasing  amplitude  for  some  unknown  reasons. 

Our  own  investigations  have  shown  that  the  buildup  of  oscilla¬ 
tions  in  a  drop  suspended  in  an  alternating  field  is  not  a  specific 
property  of  the  liquid  state,  but  is  brought  about  by  the  electro¬ 
magnetic  interaction  between  the  suspended  body  and  the  electric 
circuit  of  the  inductor. 

Let  us  consider  first  the  general  conditions  for  the  equilibrium 
of  a  solid  body  suspended  in  an  annular  inductor.  Figure  1  shows  the 
diagram  of  the  installation  and  the  dependence  of  the  expulsion 
force  acting  on  the  sphere  on  the  distance  between  the  centers  of  the 
lower  Inductor  and  the  sphere  for  a  constant  value  of  the  current  I 
flowing  through  the  inductor.  We  see  that  the  force  has  a  maximum  F  = 

=  F  at  a  certain  finite  value  x  =  x_.  If  the  condition  I  =  const  is 
not  fulfilled,  and  only  the  condition  that  the  electromotive  force 
E  in  the  circuit  be  constant  is  in  effect,  then  the  current  in  the 
inductor  increases  with  decreasing  x  and  reaches  a  maximum  when  x  =  0  ■ 
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{zee  FIs-  1»  curve  I),  which  In  turn  Influences  the  value  of  the 
maintaining  force  F. 

The  equlllbrlun  position  of  the  suspended  sphere  at  x  =  Is 
determined  by  the  equality  of  the  expulsion  force  to  the  force  of 
gravity  acting  on  the  sphere. 


Pig.  1.  Diagram  of  setup  for  the  Investigation  or  stability; 
curve  I  —  dependence  of  the  current  flowing  through  the  Induc¬ 
tor  on  the  distance  between  the  centers  of  the  sphere  and  of 
the  lower  solenoid  at  constant  voltage;  curve  F  —  dependence  of 
the  force  acting  on  the  sphere  on  the  distance  between  the 
centers  of  the  sphere  and  the  lower  solenoid. 


Figure  2  (curve  1)  shows  the  dependence  of  the  maximum  force 
F  acting  on  an  aluminum  sphere  9-6  cm  in  diameter  on  the  ratio 
3"  =  d/dQ,  where  £  Is  the  diameter  or  the  sphere  and  d^  the  inside 
diameter  of  the  solenoid. 

To  estimate  the  mass  that  can  be  suspended  under  given  conditions 
by  a  given  Inductor,  Fig.  2  (curve  2)  shows  the  dependence  of  the 
weight  of  an  aluminum  sphere  on  the  value  of  3.  The  condition  for  the 
sphere  to  be  suspended  will  obviously  be  3  >  d^.  For  spheres  made  of 
denser  material  (such  as  lead)  It  may  turn  out  that  curve  2  Is  always 
above  curve  1.  The  given  spheres  will  not  stay  suspended  when  the 
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pig.  2.  Dependence  of  the  max¬ 
imum  force  acting  on  the 
sphere  on  the  diameter  of  the 
supporting  solenoid. 


current  In  the  Inductor  corresponds 
to  curve  1. 

Let  us  proceed  now  to  examine 
the  connection  between  the  sphere 
position  and  the  circuit  parameters. 
As  v;as  already  noted,  a  change  In 
the  position  of  the  suspended 
sphere  relative  to  the  Inductor 
leads  In  the  case  of  constant  volt¬ 
age  to  a  change  In  the  current  flow¬ 
ing  through  the  Ind-ctor  (see  Fig. 
1).  The  latter.  In  turn,  causes  a 
change  In  the  force  acting  on  the 
sphere>.  and  consequently  on  the 
position  of  the  sphere.  A  result  of 


this  Interaction  Is  the  occurrence  of  self  oscillations,  which  cause 
the  sphere  to  be  ejected  from  the  potential  well  of  the  electromag¬ 
netic  field. 

In  the  case  of  small  deviations  from  the  equilibrium  positions, 
the  oscillation  of  the  sphere  in  the  magnetic  field  can  be  described 
by  the  following  system  of  equations: 


tPx  ,  dx  _ 


,  a,  ,  . 

- ==£oCosm/, 


dt  •  ■  dt 

.M  M,  —  p(x —x,)i 


=  0. 


(1) 

(2) 

(3) 

(^) 


here  m  —  mass  of  sphere;  g  —  acceleration  due  to  gravity,  —  current 
In  the  Inductor  circuit,  Ig  —  equivalent  current  in  the  sphere,  H  — 
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nutual  Ind  uctance  of  the  sphere  and  the  f^rn,  —  self  Ind  -ctance  of 
the  Inductor,  Lg  —  self  Inductance  of  the  sphere,  g  —  proportionality 
coefficient  v/hlch  depends  on  the  form  of  the  Inductor  and  which  Is  de¬ 
termined  from  experiment. 

Inasmuch  as  the  frequency  of  the  sphere  oscillations  Is  as  a 
rule  much  smaller  than  the  frequency  of  the  alternating  current  feed¬ 
ing  the  Inductor,  we  can  regard  the  sphere  velocity  dx/dt  in  Eqs. 

(2)  and  (3)  as  a  constant  quantity. 

Then  the  current  in  both  circuits  can  be  expressed  in  sinusoidal 

form 


/,= 


+7“^  + 


(5) 


The  effective  electromagnetic  force  acting  on  the  sphere  is 

(7) 

where  k  is  a  certain  proportionality  coefficient  which  depends  on  the 
form  of  the  inductor.  Upon  substitution  of  (7)  in  (l)  we  obtain  the 


(6) 


equation  for  the  oscillations 


where 


^  ~  ^  (x  -  X,)  =  0, 


■  :  ■  ^  • _ _■ 


(8) 


and 


—  =»  mg. 
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It  follov.'s  rrz~  (3)  that  the  condition  for  the  occurrence  of 
self  oscillations  Is 

r-AR, pCO.  (9) 

With  Increasing  coefficient  of  dissipated  forces,  r,  resulting 
from  placing  the  sphere  In  a  toore  viscous  medium  than  air,  the  self  • 
oscillations  vanish  and  the  suspension  becomes  stable.  Self  oscllla> 
tlons  can  also  be  suppressed  by  superimposing  an  additional  constant  . 
magnetic  field,  v;hlch  gives  rise  to  a  unique  type  of  magnetic  viscosity 
proportional  to  the  velocllgr  of  the  sphere.  Finally,  a  decrease  In  the 
frequency  decreases  the  relative  magnitude  of  the  second  term  in 
(9),  which  also  leads  to  a  disappearance  of  the  self  oscillations. 
Figure  3  shows  the  experimentally  obtained  dependence  of  the  loga¬ 
rithmic  damping  decrement  6  on  the  relative  frequency  criterion 
to  =  47ru.ad  (o,  p.  and  d  are  respectively  the  specific  conductivity,  the 
magnetic  permeability,  and  the  diameter  of  the  sphere) .  We  see  that 
when  CD  <  60  the  damping  decrement  becomes  positive  meaning  that  the 
oscillations  damp  out. 


Fig.  3-  Dependence  of  the  logarithmic 
damping  decrement  on  the  relative  fre¬ 
quency  criterion. 
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Many  papers  dealing  v.’lth  the  equilibrium  of  a  conducting  medium 
or  Infinite  conductivity  In  a  magnetic  field  have  been  published. 

B.B.  Kadomtsev  and  S.I.  Braginskiy  [2]  and  Berkowltz  and  Fried¬ 
richs  et  al.  [3]  have  shown  that  In  such  media  stability  will  be  at¬ 
tained  only  If  the  centers  or  curvature  of  the  Interfaces  between  the 
conducting  liquid  and  the  magnetic  field  lie  in  the  magnetic  field. 

Thus,  a  "cusped  geometry"  Is  produced  —  a  system  oi  bodies  bounded 
by  surfaces  with  negative  curvature. 

In  accordance  with  these  notions,  the  figure  shown  In  Fig.  4a  can 
stay  In  equilibrium  In  a  system  comprising  two  coaxial  turns. 

However,  In  the  case  which  we  are  considering,  where  a  llquld- 
metal  medium  Is  In  equilibrium,  such  a  cusped  form  obviously  Is  not 
realizable,  since  the  Laplace  pressure  of  the  curved  surface  of  the 
liquid  would  reach  Infinity  at  the  cusps.  In  the  experiment  set  up  by 
the  authors  where  a large  sodium  sphere  was  suspended  In  paraffin  oil,  • 
the  liquid  assumes  a  pear-shaped  form  with  the  stem  on  the  bottom,  as 
shown  In  Fig.  4b. 

Let  us  consider  the  total  pressure  at  a  given  level  in  such  a 
liquld-metal  sphere. 

For  a  certain  fixed  value  of  x  we  obviously  have 

where  B  —  effective  value  of  the  field,  a  —  surface  tension,  r^^  and 
rg  —  maximum  and  minimum  radii  of  curvature  at  the  given  section, 

Pj_j,  —  the  density  of  the  metal  and  surrounding  medium,  respectively, 
Xq  —  coordinate  of  the  liquid  surface  (see  Fig.  4b)-. - 

In  the  upper  and  lower  points  of  the  body  we  have  B  =  0  and  the 
corresponding  pressures  will  be 

-  592  - 


-)  • 

*(» 

prf-**— pjrf**  • 

Subtracting  one  equation  from  the  other  we  obtain  a  relation  be¬ 
tween  the  height  of  the  body  and  the  radii  of  curvature  of  the  upper 
and  lower  surfaces: 

.  2«  (i  i\ 

0»«— ?J^U  rj' 

Sometimes  [1]  folds  begin  to  form  on  the  surface  of  the  sphere. 

In  Its  lower  portion,  parallel  to  the  magnetic  field  force  lines,  as 
a  result  of  which  the  stability  of  such  a  configuration  sharply  de¬ 
creases.  The  projection  between  two  neighboring  folds  begins  to  grow 
rapidly,  for  no  apparent  reason,  and  all  of  the  metal  pours  out 
through  the  resulting  "slot.  " 

It  is  easy  to  visualize  this  phenomenon.  The  appearance  of  folds 
Increases  the  resistance  to  the  induced  currents  flowing  over  the 
surface  of  the  suspended  mass,  and  decreases  the  secondary  current  Ig. 
The  reason  for  the  appearance  of  the  folds  is  the  secondary  pinch 
effect:  when  the  current  Ig  reaches  a  certain  density  it- starts  Inter- 
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actlns  with  Its  own  field  and  cor.presses  the  conductor,  tending  to 
decrease  Its  cross  section. 

In  order  to  combat  this  type  of  Instability,  the  double  frequency 
method  Is  used  [1],  and  also  special  Inductors  are  produced  with  a 
strong  field  gradient  preventing  the  appearance  of  progressing  stubs. 
Both  methods  give  under  certain  conditions  good  results,  but  call  for 
considerable  elaborations. 
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MOTION  OF  NONINTERMIXING  LAYERS  OF  LIQUID  METAL  AND 
NONELECTRICALLY  CONDUCTING  LIQUID  IN  A  TRAVELING  MAGNETIC  FIELD 

V.A.  Brlskman 
Perm’ 

The  article  reports  the  results  of  the  measurement  of  the  dis¬ 
tribution  of  the  velocity  of  mercury  in  a  bath  made  of  stainless 
steel,  and  also  In  vessels  of  different  shapes.  The  motion  of  the 
metal  Is  produced  by  a  traveling  magnetic  field. 

The  article  was  partially  published  in  "News  of  the  Academy  of 
Sciences  of  the  Latvian  SSR, "  8,  145,  1959. 


-  595  - 


MIXING  OF  METAL  INSIDE  A  FREELY  SUSPENDED  DROP 

A.E.  Mlkel'son 
Riga 

When  using  melting  without  a  cznaclble  [l].  It  is  desirable  to 
know  the  character  or  motion  of  the  metal  Inside  the  freely  suspended 
molten  mass  of  liquid  metal,  particularly  In  order  to  determine  the 
place  where  alloying  elements  should  be  added  to  the  melt,’  to  estab¬ 
lish  the  Instant  when  the  melt  Is  ready,  etc.  The  character  of  motion 
cf  the  metal  la  of  Interest  also  when  It  comes  to  explaining  the  dis¬ 
tribution  of  the  electromagnetic  forces  acting  on  the  liquid  metals 
In  the  magnetic  field,  to  studying  the  stability  of  the  suspension  of 
liquid  metals  in  apparatus  of  similar  types,  to  explaining  the  possi¬ 
bility  of  modeling  by  means  of  metals  the  processes  occurring  In  a 
plasma,  etc. 

In  order  to  simplify  the  experiment,  the  measurements  were 
carried  out  with  a  suspended  drop  contained  in  a  glass  bulb.  The  dia¬ 
gram  of  the  setup  Is  shown  in  Fig.  1.  A  bulb  with  liquid  sodium  was 
placed  In  a  potential  well  of  an  electromagnetic  field  produced  by 
coils  Lj^  and  Lg.  The  bulb  could  be  freely  suspended  in  the  space  be¬ 
tween  the  Inductors.  In  order  for  the  bulb  not  to  turn  over,  its  neck 
was  held  by  a  special  mechanism  in  a  vertical  position.  The  numbers 
of  the  inductor  turns  were  Lj  =  50  and  Lg  =  700. 

To  measure  the  velocity  of  the  metal  in  the  bulb,  the  Pitot  tube 
principle  was  used.  The  velocity  of  the  sodium  was  determined  from  the 
difference  In  the  levels  In  the  tube  and  in  the  neck  of  the  bulb  with 
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and  v/lthout  a  magnetic  field.  The  diameter  of  the  meas’-rlrg  tube  v:a3 
chosen  to  be  10  mm.  If  thinner  tubes  are  used  for  the  measurements, 
the  hydrodynamic  pressure  forces  become  commensurable  with  the  forces 
of  Interaction  between  the  metal  and  the  material  of  the  tube,  so  that 
the  tube  gives  false  results.  In  order  for  the  tube  dimensions  not  to 
Influence  noticeably  the  velocity  distribution  pattern  In  the  bulb.  It 
was  necessary  to  make  the  measurements  with  relatively  large  volumes  of 
sodium.  In  otir  case,  the  diameter  of  the  bulb  with  the  sodium  was 

Measurements  have  shown  that  the 
motion  of  the  metal  Inside  the  bulb  has 
a  strongly  developed  turbulent  character. 

The  velocity  fluctuation  exceeded  in  many 
cases  by  a  factor  of  several  times  the 
average  value  of  the  velocity  of  the 
metal  at  the  given  point.  In  order  for 
the  fluctuations  not  to  affect  the  read¬ 
ings  of  the  measuring  tube,  a  diaphragm 
D  (see  Fig.  1)  was  placed  Inside  the 
tube,  somewhat  above  the  level  of  the  ‘ 

sodium.  The  layer  of  paraffin  oil,  lo¬ 
cated  above  the  sodium,  had  a  high  vis-  < 
cosity  and  on  passing  through  the  diaphragm  strongly  suppressed  the 
fluctuation  oscillations  in  the  tube,  resulting  from  the  fluctuation 
of  the  sodium  velocity  in  the  bulb.  Before  the  measurements,  the  tube 
was  calibrated  under  Identical  conditions  with  the  aid  of  water.  The 
results  of  the  measurements  are  shown  in  Figs.  2-4.  Figure  2  shows  the 
distribution  of  the  vertical  (in  y  direction)  component  of  velocity 
along  the  x  axis  at  y  =  6  cm.  The  distribution  of  the  vertical  cor.po- 
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chosen  to  be  135  nun. 


Fig.  1.  Sketch  of  overall 
view  of  Installation  and 
approximate  velocity  dis¬ 
tribution  pattern  in  the 
bulb. 


Pig.  2.  Distribution  of  vertical  component  of 
velocity  of  sodium  along  the  x  axis  for  I  »  20  A: 
0—50  cps  j  X  —  200  cps . 


nent  of  the  velocity  along  the  y  axis  at  x  =  0  Is  shown  In  Fig.  3> 

We  see  that  the  main  volume  of  the  liquid  in  the  suspended  bulb 
moves  upward.  Along  the  walls  of  the  bulb,  in  a  layer  approximately 
1.5  cm  thick,  the  metal  moves  with  much  larger  velocity  In  the  opposite 
direction. 

Inasmuch  as  In  the  present  case  the  thickness  of  the  layer  In 
which  the  metal  moves  downward  was  comparable  with  the  dimensions  of 
the  measuring  tube,  it  turned  out  impossible  to  measure  the  distribu¬ 
tion  of  the  velocity  in  the  stream  moving  along  the  walls.  To  measure 
the  velocity  in  the  surface  layer  we  used  a  dirferent  method.  The 
bulb  with  the  sodium  was  cooled  to  a  temperature  close  to  the  solidi¬ 
fication  temperature  of  the  sodium.  The  colder  bulb  walls  caused  the 
sodium  to  crystallize  primarily  on  the  v;alls  of  the  bulb.  After  such 
dendrite  formations  and  individual  crystallites  were  formed,  the  mag¬ 
netic  field  was  turned  on  and  the  surface  of  the  bulb  photographed  in 
intermittent  light.  An  intermittent  trail  of  the  sodium  crystallites 
which  were  tom  away  from  their  location  and  moved  together  with  the 
metal  was  traced  on  the  surface  of  the  bulb.  From  the  length  of  the 
trail  and  from  the  time  of  elimination  one  determined  the  velocity  of 
notion  of  the  metal  on  the  surface.  The  measurement  results  obtained 
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by  photography  at  an  Inductor  current  frequency  of  50  cps  are  shown  In 

Fig.  2. 

Since  the  motion  In  the  bulb  Is  closed,  the  volume  of  the  liquid 
flowing  per  unit'  time  In  one  direction  should  equal  the  volume  flowing 
along  the  walls  In  the  opposite  direction.  Graphic  Integration  of  the 
volumes  moving  in  the  bulb  In  opposite  directions  has  shown  good 
agreement  between  the  methods  of  measuring  velocity  with  the  aid  of 
tubes  and  with  the  aid  of  photography. 


Control  measurements  of  the  vertical  component  of  the  velocity 
along  the  ^  axis  were  made  with  the  aid  of  a  bronze  sphere  0.6  cm  In 
diameter.  The  velocity  of  the  sodium  was  determined  from  the  force 
acting  on  the  sphere  suspended  In  the  sodium.  The  results  of  the 
measurements  are  shown  In  Pig.  3. 


Fig.  3.  Determination  of  the  ver¬ 
tical  components  of  the  velocity 
along  the  y  axis  in  a  bulb  and. 
suspended  drop:  9  —  measurement  with 
Pitot  tubes  at  f  =  50  cps;  X  —  the 
same  at  f  =  200  cps ;  0  —  measurement 
with  bronze  sphere  at  f  =  50  cps; 

A  —  measurements  with  Pitot  tube  In 
a  suspended  drop  11  cm  high  and 
transverse  diameter  5*6  cm  at  f  = 

=  200  cps. 
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To  deterrilne  the  dependence  of 
the  velocity  of  motion  of  the  sodium 
on  the  Intensity  of  the  magnetic 
field,  the  bulb  was  fixed  in  position 
and  the  vertical  component  of  the 
velocity  vias  measured  at  x  »  0,  y  = 

=  7  cm  for  different  values  of  the 
current  flowing  through  the  inductor 
winding.  The  results  of  the  measure¬ 
ments  are  shown  In  Fig.  4. 

In  order  to  ascertain  the  influ¬ 
ence  of  the  walls  of  the  bulb  on  the 
velocity  profile  In  the  suspended  drop,  that  Is,  In  order  to  ascertain 
the  extent  to  which  the  processes  occurring  In  the  suspended  bulb  with 
sodium  are  similar  to  those  In  a  freely  suspended  drop,  we  measured 
the  vertical  component  of  the  velocity  of  the  metal  Inside  the  mass 
of  liquid  sodium  freely  suspended  in  paraffin  oil.  The  results  of  the 
measurements  are  shown  in  Fig.  3« 

We  see  from  the  course  of  the  curves  that  the  absence  of  the 
bulb  does  not  make  any  essential  changes  In  the  velocity  distribution 
pattern  Inside  the  freely  suspended  drop.  The  results  obtained  by 
measurements  In  a  bulb  can  be  extrapolated  with  certain  approximation 
to  the  case  of  metal  suspended  without  a  bulb.  Obviously,  the  mixing 
of  a  metal  freely  suspended  In  vacuum  or  in  an  Inert  gas  medium  will 
be  somewhat  more  Intense,  in  view  of  the  fact  that  the  velocity  of 
the  metal  on  the  surface  will  not  be  zero  In  this  case,  as  was  the 
situation  In  the  experiments  with  sodium. 

It  is  Interesting  to  note  that  measurements  of  the  velocity  dis¬ 
tribution  for  a  freely  suspended  drop  were  carried  out  with  a  measur- 


HI 

n 

m 

1 

m 

a 

H 

IB! 

m 

n 

m 

illllll 

1 

■ 

O  to  »  M 


Pig.  4.  Dependence  of  the 
velocity  of  the  metal  In  the 
bulb  on  the  current  In  the 
Inductor  winding. 
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Ins  tube  without  a  dlaphragn!,  but  no  fluctuation  oscillations  were 
observed.  Obviously,  the  velocity  fluctuations  are  the  result  of  the 
Interaction  between  the  sodium  stream  and  the  stationary  walls  of  the 
bulb. 

The  results  presented  here  enable  us  to  present  the  following 
picture  of  velocity  distribution  In  a  suspended  mass  of- liquid  sodium 
A  recalculation  of  the  results  obtained  by  measurement  In  sodium  for 
other  metals  can  be  carried  out  by  methods  of  similarity  theory.  It 
Is  necessary  to  produce  here  experimental  conditions  such  that 
equality  of  the  following  defining  criteria  holds  true  for  both  the 
model,  that  Is,  the  sodium  drop,  and  the  drop  of  the  given  metal: 


I  =(4ap)*/*/»V^~*, 

(1) 

o=>4n)icaod*, ' 

(2) 

(3) 

—  •  «  • 

(4) 

Here  I  —  current  In  the  solenoid  winding,  n  —  number  of  solenoid 
turns,  a,  p,  u*  ci  and  £  —  the  conductivity,  density,  magnetic  perme¬ 
ability,  coefficient  of  surface  tension,  and  dimension  of  the  sus¬ 
pended  liquid  metal  drop,  respectively,  —  density  of  the  medium  in 
which  the  drop  of  given  metal  Is  suspended,  g  —  acceleration  due  to 
gravity. 

The  constancy  of  the  foregoing  system  of  criteria  In  the  model 
and  in  nature  guarantees  the  constancy  of  the  nondefining  criterion 

which  characterizes  the  velocity  v  of  motion  of  the  metal  at  the 
corresponding  point  of  the  drop. 
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BASIC  PARAMETERS  AND  CONSTRUCTIONS  OF  ELECTROI-IAGNHTIC 

STIRRING  DEVICES  FOR  ELECTRIC  ARC  FURNACES 

• 

Ya.P.  Zvorono 
Leningrad 

In  the  melting  of  high  grade  steel  in  arc  furnaces  of  large 
capacity,  the  liquid  metal  must  be  stirred.  At  the  present  time 
electromagnetic  stirring  of  liquid  steel  is  finding  an  ever  increasing 
application. 

Electromagnetic  stirring  is  produced  by  means  of  a  developed 
stator  which  is  located  above  the  furnace  and  produces  a  traveling 
magnetic  field  in  the  furnace  bath.  The  traveling  magnetic  field  of 
the  stator  Interacts  with  the  eddy  currents  Induced  by  the  field  in 
the  liquid  steel,  and  the  mechanical  forces  produced  thereby  give 
rise  to  directed  motion  which  causes  stirring  of  the  entire  mass. 

BASIC  ELECTRIC  PARAMETERS 
Number  of  Stator  Poles 

Since  the  lining  of  large  furnaces  is  60-100  cm  thick,  the  weak¬ 
ening  of  the  stator  field  is  quite  large. 

The  dependence  of  the  induction  component  normal  to  the  borr  1 
surface  of  the  stator  on  the  distance  above  the  bored  surface  in  air 
has  the  following  form  for  a  flat  stator: 

(1) 

.  Accordingly,  for  a  stator  in  arc  form 
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•.■there  —  Induction  at  a  height  '  above  the  tcrcd  surface,  Bq  — 
Induction  on  the  bored  surface,  6  —  height  above  the  bored  surface, 

T  —  pole  pitch,  R  —  boring  radius. 

Both  formulas  disregard  the  Influence  of  edge  effects. 

Formulas  (1  and  2)  show  that  the  attenuation  of  the  field  is  In¬ 
versely  proportional  to  x  and,  inasmuch  as  the  startor  dimensions  are 
bounded.  It  is  best  to  use  a  two-pole  stator. 

Frequency 

To  obtain  circulation  of  the  molten  steel  It  Is  necessary  that 
the  forces  act  only  on  Its  lower  layers:  from  the  bottom  to  half  the 
depth  of  the  bath.  Since  the  depth  of  the  bath  In  a  large  furnace 
amounts  to  50-100  cm,  to  obtain  the  necessary  depth  of  field  penetra¬ 
tion  the  frequency  of  the  current  supplying  the  stator  should  be  quite 
low,  on  the  order  of  a  fraction  of  a  cycle.  Nonetheless,  even  at  such 
a  frequency  the  Jacket  of  the  furnace  must  be  nonmagnetic  so  as  to 
avoid  appreciable  screening  or  the  stator  field.  Usually  only  the 
bottom  of  the  Jacket,  directly  above  the  stator.  Is  made  nonmagnetic. 
Number  of  Phases 

The  stator  Is  made  two-phase  with  a  split  phase  the  winding  of 
which  is  located  on  the  ends  of  the  magnetic  circuit.  Such  a  place¬ 
ment  of  the  winding  guarantees  better  wave  form  of  the  induction 
above  the  stator. 

Inasmuch  as  the  stator  has  an  open  magnetic  system,  and  coils 
belonging  to  one  phase  are  located  on  the  ends  of  the  core,  the  phase 
windings  are  subjected  to  dlrferent  conditions.  Therefore,  in  order 
for  the  phase  impedances  to  be  equal,  the  number  of  turns  in  the  phase 
winding  should  be  different.  Usually  the  ratio  of  the  phase  turns 
ranges  between  3/^  and  4/5. 

The  use  of  a  two-phase  stator  simplifies  the  supply  equipment.  - 


Line  Load  of  the  S'eator 

Inasmuch  as  the  stator  field  is  highly  attenuated  at  the  location 
of  the  liquid  steel  (by  a  factor  of  several  times),  the  line  load  on 
the  bored  surface  should  be  on  the  order  of  1000-1500  A/cm  In  order  to 
obtain  the  necessary  stirring  Intensity, 

STATOR  CONSTRUCTION 

The  fact  that  the  magnetic  circuit  is  open  and  the  singularities 
of  the  electric  parameters  of  the  stator  exert  an  appreciable  Influence 
on  Its  construction,  which  differs  appreciably  from  the  constructions 
of  or-dlnary  electric  machines. 

Owing  to  the  low  frequency  of  the  current,  the  losses  in  the  ac¬ 
tive  core  steel  are  negligible,  so  that  the  stator  can  be  assembled  of 
relatively  thick  laminations  of  ordinary  non-electrotechnical  steel. 

Such  a  core  is  quite  rigid  and  does  not  require  a  special  mounting 
housing. 

The  skin  effect  in  the  winding  can  likewise  be  m;glected  and  the 


Fig.  1.  Type  SEP/40  1  -  400/100 
stator  for  a  furnace  of  40-ton  ca¬ 
pacity  (v/ithouc  covers)  . 


winding  made  of  solid  conductors  of  large  cross  section. 

The  relatively  high  line  load  of  the  stator,  and  also  the  heat 
radiated  from  the  furnace  Jacket,  the  temperature  of  which  reaches 
300°C,  i-aise  difficulties  ’with  cooling  of  the  winding.  The  stator 


v/lnding  can  be  cooled  both  with  air  and  with  water,  but  the  latter  Is 
preferable. 

Since -the  stacor  has  no  rotating  part.  Its  ventilation  can  be 
effected  only  by  external  means  and  no  closed  cycle  can  be  used.  This 
leads  to  contamination  of  the  winding  and  reduces  the  operating  rell> 
ability  of  the  stator.  In  the  case' of  air  cooling.  Individual  parts  of 
the  winding  are  considerably  overheated,  so  that  silicone  Insulation 
must  be  used . 

In  a  directly  water  cooled  winding  made  of  hollow  conductors  the 
temperature  drop  between  the  copper  and  water  is  a  fraction  of  a  degree, 
resulting  in  both  a  low  average  winding  temperature  and  In  high  uni¬ 
formity  of  cooling. 

A  typical  stator  construction  is  shown  in  Pig.  1. 

The  main  core  assembly  is  made  of  type  ST.  3  sheet  steel  10  mm 
thick.  The  core  Is  clamped  together  on  insulated  pins.  A  dinam  type  f- 
winding  consisting  of  four  colls,  two  for  each  phase,  is  placed  on 
the  side  of  the  core  facing  the  bottom  of  the  furnace.  The  coils  are 
made  of  copper  tubing  of  rectangular  cross  section  measuring  22  X  22 
nun  with  a  round  aperture  of  111  square  mm,  which  Is  continuously 
wound  on  a  form.  The  coll  turns  are  insulated  by  liners  made  of  asbes- 
tos-textollte  3  nun  thick. 

The  stator  is  covered  on  the  top  with  a  refractory  cover  made  of 
asbestos-cement  plates;  this  cover  protects  the  stator  against  the 
entrance  of  liquid  steel  or  slag. 

The  stator  winding  Is  cooled  with  water  that  runs  directly 
through  the  hollow  conductors. 

The  main  parameters  of  some  of  the  stators  designed  by  the 
Leningrad  branch  of  the  Scientific  Research  Institute  for  Electric 
Machinery  and  the  "Elektroslla"  plant  are  listed  below. 
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Characteristics  of  Stators  for  Electric  Stirrers 


Capacity  of  furnace  (tons) 
Rating  (kva) 

Voltage  (V) 

Current  (A) 

Power  factor 
Line  load  (A/cm) 

Frequency  range  (cps) 

Double  pole  pitch  (cm) 

Length  of  active  steel  (cm) 
Number  of  turns  in  phase  I 
Number  of  turns  in  phase  II 
Total  weight  of  stator  (tons) 

SUPPLY  UNIT 


20 

40 

80 

180 

830 

460 

520 

1100 

160 

115 

130 

230 

2600 

2000. 

2000  • 

■  2400 

0.55 

0.6 

0.6 

0.67 

1500 

1160 

1080  . 

1500 

0.8-1 

0.5-1. 5 

0.55-1 

^0.3-0.6 

360 

400 

400 

460 

110 

100 

160 

180 

44 

52 

48 

64 

60 

64 

60 

80 

18 

16 

20 

40 

a  simplified 


The  stator  is  fed  from  a  dynamo  electric  supply  unit 


diagram  of  which  is  shown  in  Fig.  2. 

The  supply  assembly  consists  of  five  machines:  two  single-phase 
low-frequency  slip  ring  generators,  a  synchronous  drive  motor  with 


exciter,  and  a  constant  voltage  generator  Intended  to  supply  the  fre¬ 
quency  transmitter  and  the  control  circuits. 

The  low  frequency  generators  are  revamped  series  "P"  d.c.  machines 


and  have  cast  bedplates. 

The  three-unit  exciter  consists  of  two  type  EMU  110  amplidynes 
and  an  Induction  drive  motor. 

The  pre-exciter  consists  of  a  d.c.  drive  motor,  a  two-phase 
rheostatic  converter  (low  frequency  transmitter)  and  a  tachometer 


generator.  The  transmitter  is  a  stationary  drum  cornnutator,  similar 
to  the  com.mutator  used  in  a  d.c.  machine,  with  two  pairs  of  brusaes. 


shifted  relative  to  each  other  by  one-quarter  of  a  cycle,  rotating 
around  the  commutator.  A  sinusoidally  subdivided  potentlcmetric  resis¬ 


tor  is  connected  to  the  commutator  segments. 

The  frequency  of  the  transmitter  is  regulated  by  varying  the 
velocity  of  the  pre-exciter  motor. 


Pig.  2.  Typical  power  supply  circuit  for  stator. 
Designations  used  in  circuit: 

SD  —  synchronous  motor;  generator; 

GPN  —  constant  voltage  generator;  VD  —  exciter 
for  synchronous  motor;  AD  —  induction  motor;  EMU  1, 

EMU  2  —  amplldynes;  RP  —  rheostatic  converter;  D  — 
motor  of  rheostatic  converter;  R  —  reduction  gear; 

TG  —  tachometer  generator;  Sh^^,  Shg  —  shunts,  0.5 

cps;  1  A,  2  A  —  automatic  circuit  breakers;  PRR  — 
starting  rheostat;  RUN  —  voltage  regulator;  Aj^, 

*2’  *3  ~  animeter;  Vg,  —  voltmeter;  Pj^,  Pg, 

P^  —  fuses;  £  —  frequency  meter. 

1)  Off;  2)  forward;  3)  reverse;  4)  stator. 

OPERATING  RESULTS 

At  the  present  several  electromagnetic  stirring  units  of  domestic 
construction  are  in  operation  in  furnaces  of  20,  40  and  80-ton 
capacity. 

Detailed  tests  of  the  installation  in  the  80-ton  furnace  of  the 
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Iloyollpetsk  metallurgical  plant  r.ade  In  Kay  of  1959  yielded  results 
that  agreed  with  the  calculations.  The  power  fed  to  the  liquid  steel 
v/as  about  3*5  2*^*1  the  corresponding  stator  efficiency  about  1.5j5* 

At  nominal  current  and  at  a  frequency  of  0.55  cps,  the  speed  of 
a  brick  floating  in  the  bath  reached  0.35-0.4  m/sec.  The  closed  cycle 
water  cooling  system  maintained  the  stator  winding  temperature  below 
50®C. 

FURTHER  DEVELOPMENT  OF  ELECTROMAGNETIC  STIRRING  UNITS 

'  • 

The  operating  experience  with  the  Installed  stirring  units  has 
shown  that  they  work  to  the  metallurgist's  satisfaction,  so  that 
further  development  of  these  units  Is  aimed  at  simplification  and 
coat  reduction. 

One  01'  the  ways  of  reducing  the  stator,  cost  la  to  make  Its  wind¬ 
ing  of  aluminum. 

The  power  supply  can  be  simplified  and  Its  cost  reduced  by  re¬ 
placing  the  motor-generator  system  with  an  Ionic  frequency  converter. 
The  ionic  frequency  converter  Is  best  made  of  sealed  rectifiers  with 
an  electronic  frequency  transmitter.  In  this  case  the  entire  stirring 
unit  will  have  no  rotating  machinery,  so  that  its  operation  becomes 
greatly  simplified.  Among  the  advantages  of  the  ionic  converter  are 
Its  lower  dimensions,  lower  weight,  and  lack  of  foundation,  something 
of  particular  value  when  the  electromagnetic  stirrer  is  installed  in 
furnaces  already  in  operation,  where  limitations  in  shop  area  mrke  It 
difficult  to  locate  the  dynamo  electric  installation. 

At  the  present  time  all  the  large  arc  furnaces  produced  In  the 
Soviet  Union  are  being  equipped  with  electromagnetic  stirring  units. 
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Manu¬ 
script  [List  of  Transliterated  Symbols] 

Page 

No. 

609  Ca  =  SD  =  slnkhronnyy  dvlgatel'  =  synchronous  motor 

609  12  »  Sh  =  shunt  =  shunt 

609  r  =  G  =  generator  =  generator 

609  rnH  3  GPN  =  generator  postoyannogo  napryazhenlya  =  constant 

voltage  generator 

609  Ba  =  VD  =  vozbuzhdltel*  dvlgatelya  =  motor  exciter 
.609  pyn  3  RUN  3  regulyator  ...napryazhenlya  «  voltage  ...regulator 
609  Aa  3  AD  3  aslnkhronyy  dvlgatel '  =  Induction  motor 
609  3f^y  3  EMU  3  elektromashlnnyy  usllltel*  =  amplldyne 

609  PH  3  Rp  =  reostatnyy  preobrazovatel '  =  rheostat  converter 

609  a  3  D  3  dvlgatel*  =  motor 

609  P  3  R  3  reduktor  =  reducing  gear 

609  Tr  3  tG  3  takhogenerator  =  tachometer  generator 
609  A  3  A  3  avtomat  3  circuit  breaker;  =  ampermetr  3  ammeter 
609  nPP  3  PRR  3  puskoregullrovochnyy  reostat  «  starting  rheostat 
609  n  3  p  3  predokhranltel '  =  fuse 
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EXECTROMAGNETIC  STIRRING  OF  STEEL  IN  THE  LADLE 

M.G.  Rezln 
Sverdlovsk 

Metallurgists  have  long  been  aware  of  the  need  for  stirring 
metal  In  many  melting  processes. '  Effective  stirring  using  the  simplest 
means  Is  m?de  difficult  by  the  high  temperature  of  the  molten  steel. 
The  use  of  electromagnetic  stirring  In  arc  steel  melting  furnaces 
yields  certain  advantages  compared  with  other  methods  and  points  to 
the  possibility  of  extending  this  method  to  other  steel  production 
processes  such  as  vacuumlzing,  desulfurizing  pig  iron,  etc. 

In  vacuuming  without  stirring,  the  degaslflcatlon  tpkes  place 
only  In  the  upper  layers  of  the  liquid  steel.  The  operptlng  depth  of 
the  vacuum  Is  determined  essentially  by  the  boiling  of  the  bath.  In 
the  lower  layers,  owing  to  the  appreciable  metallostatlc  pressure, 
practically  no  gas  is  liberated.  These  lower  nondegas  If led  layers 

must  be  raised  upward  In  order  to  subject  them  to  the  direct  action 
of  the  vacuum,  and  the  degaslfled  layers  of  the  metal  must  be  moved 
downward,  that  Is,  the  metal  must  be  stirred.  Electromagnetic  s* Irrlng 
In  the  ladle.  In  addition  to  providing  degaslflcatlon  and  ultimate 
deoxidation,  can  make  It  possible  to  dissolve  the  alloying  additives 
directly  In  the  ladle,  which  In  addition  to  reducing  the  m.eltlng  tlm.e 
affords  appreciable  economy  of  expensive  alloying  additives,  consider¬ 
able  waste  of  which  occurs  In  steel-smelting  furnaces. 

As  a  result,  various  Installations  Intended  for  stirring  In  the 
ladle  during  the  degaslflcatlon  of  the  steel  have  appeared  recently  ' 
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In  the  USSR  and  abroad.  These  Installations  can  be  subdivided  Into 
those  using  electromagnetic  devices  and  those  wlthaut  such  devices. 

Without  considering  all  the  In¬ 
stallations  In  which  electromagnetic 
units  are  used,  let  us  stop  to  dis¬ 
cuss  only  two: 

1)  installation  with  flat  stator, 
the  winding  of  which  Is  fed  with  low 
frequency  current; 

2)  Installation  using  the  circulating  degasification  method. 

The  use  of  low  frequency  for  the  stator  supply  in  place  of  the 
commercial  50  cycles  makes  it  possible  to  place  the  stator  outside 
the  ladle  Jacket  (Fig.  l)  and  in  addition  increases  the  stirring 
effect  while  appreciably  reducing  the  reactive  power. 

In  many  cases  the  hydrodynamics  of  the  liquid  steel  can  be 
modified  and  its  speed  increased  by  using  in  addition  to  stator  "A" 
a  second  stator  "B"  diametrically  opposite  the  stator  "A". 

Simulation  of  the  hydrodynamic  processes  has  shown  that  in  the 
presence  of  two  stators  the  hydrodynamics  of  the  liquid  steel  can 
be  appreciably  modified  by  changing  the  direction  of  the  current  in 
the  phases  of  the  stator,  as  a  result  of  which  the  direction  of  a 
portion  of  the  field  of  stators  "A"  and  "B"  Is  changed.  If  the  field 
of  stator  "B"  Is  directed  opposite  to  the  field  of  stator  "A",  then 
the  motion  will  be  produced  essentially  in  accordance  with  the  scheme 
of  Fig.  la.  If  the  fields  of  stators  "A"  and  "B"  have  the  same  direc¬ 
tion,  for  example  from  the  surface  of  the  metal  towards  the  bottom, 
then  the  motion  of  the  metal  will  be  produced  In  accordance  with 
Fig',  lb  (the  arrows  of  the  solid  line).  If  the  direction  of  the 
traveling  field  is  simultaneously  reversed  in  stators  "A"  and  "B",  the 
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Fig.  1.  Stirring  with  one  or 
two  stators  ("A"  and  "B") 
installed  outside  the  Jacket 
of  the  ladle. 


metal  will  move  as  shown  in  Fig.  lb  (arrows  of  the  dashed  line).  In 
this  case  the  metal  near  the  walls  of  the  ladle  will  move  lipward.  flow 
over  the  surface,  and  drop  downward  outside  the  active  zone  of  the 
stators. 

The  Department  for  Electric  Machinery  and  the  Department  of 
General  Electrical  Engineering,  together  wlt,h  the  KOMZ  Department  of 
the  S.M.  Kirov  Ural  Polytechnic  Institute,  have  preprred  designs  of 
electromagnetic  stirrers  for  a  ladle  of  JO-ton  capacity. 

For  effective  stirring  of  liquid  steel  using  two  diametrically 
located  stators,  the  depth  of'  penetration  of  the  field  should  be 
equal  to  half  the  average  diameter  of  the  ladle. 

If  D  s  210  cm  la  the  average  ladle  diameter,  p  «  1.36  ohm- mm  /M 
la  the  specific  resistivity  of  the  liquid  steel,  then  the  necessary 
frequency  Is  given  by  the  expression  ,  hence  f  »  0.315 

The  range  of  frequency  variation  adopted  In  the  design  Is  0.3-1 

cps . 

In  order  to  reduce  the  cost  of  the  power  supply  and  to  simplify 
the  construction  of  the  stator  winding,  a  two-phase  winding  Is  used. 

To  guarantee  minimum  damping  of  the  normal  component  of  the 
Induction  In  the  air  gap,  the  stator  has  been  made  of  the  two-pole 

type  In  accordance  with  the  expression 

—  5f 

where  E  —  Induction  at  a  distance  6  from  the  stator;  Bq  —  Induction 
on  the  surface  of  the  stator;  x  —  pole  pitch  of  the  stator. 

The  stator  Is  m.ade  flat  In  order  to  fit  It  better  Into  the 
chamber,  and  the  ladle  needs  less  revamping  If  the  stator  Is  flat. 

The  winding  used  Is  annular,  since  under  the  vacuum  chamber  con¬ 
ditions  a  stator  with  such  a  winding  occupies  less  place  than  other 
types  of  windings. 
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An  essential  feature  of  the  stators  Is  the  lack  of  any  artificial 
cooling,  something  made  possible  If  the  stators  operate  for  15-20 
minutes.  The  two  stators  are  fed  from  i-otating  generators  with  a 
total  rating  l6o  kva. 

The  stator  is  placed  vertically  in  the  vacuum  chamber  housing 
and  Is  driven  by  a  special  mechanism  to  the  wall  of  the  ladle  after 
the  latter  is  Installed  in  the  chamber.  When  the  stirring  Is  completed, 
the  stator  Is  moved  away  from  the  ladle  and  pi peed  In  Its  previous 
nonoperating  position.  * 

Let  us  consider  the  Installation  with  circulating  degasification, 
which  can  be  used  In  comparison  with  the  previously  considered  In-  ‘ 
stallatlon  with  flat  stator  whenever  large  masses  of  metal  are  pro¬ 
cessed,  for  It  la  not  necessary  in  this  case  to  place  the  ladle  into 
the  vacuum  chamber,  to  close  the  chrmber  and  to  seal  It  after  the 

installation  of  the  ladle. 

This  process  is  characterized 
by  pumping  the  molten  steel  through 
a  vacuum  chamber  of  small  size  as 
compared  with  the  ladle.  The  steel 
Is  continuously  driven  by  pn  electro¬ 
magnetic  pump  from  the  ladle  through 


Fig.  2.  Degasification  of 
steel  by  the  method  of  pump¬ 
ing  through  vacuum. 

1)  To  vacuum  pump;  2)  elec¬ 
tromagnetic  pump;  3)  argon; 
4)  5  cps;  5)  transfor.mer 
for  heat ir,g,  2C0-300  kva. 


Ification  chamber,  and  after  degasifi¬ 
cation  It  flows  back  into  the  ladle 
through  a  drain  pipe  "E"  (Plg.  2). 

The  power  for  this  circulation  is 
produced  additionally  by  the  gas  re¬ 
leased  from  the  steel  under  the  In¬ 
fluence  of  the  vacuum  chamber. 
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An  advantage  of  this  process  Is  the  favorable  redistribution  of 
the  steel  for  vacuuming  in  the  degaslf Icatlon  chamber.  The  rising  gas 
bubbles  due  to  the  dissolved  gases  In  the  steel  will  Increase  in  vol¬ 
ume  v/lth  time  as  they  float  upward,  and  the  steel  enters  Into  the 
degasification  chamber,  under  the  Infli’.ence  of  these  gases  and  the 
action  of  the  pump,  at  a  high  velocity,  causing  It  to  be  e.'ected  up¬ 
ward,  splash  vigorously,  and  get  rid  of  the  dissolved  gases. 

Other  Important  features  of  the  process  are  the  Insignificant 
heat  losses.  Inasmuch  as  the  volume  of  the  degaslf  Icatlon  chamber  Is 
small,  and  the  possibility  of  offsetting  these  heat  losses  by  simply 
using  transformer  heating.  This  Is  effected  by  placing  on  the  drain 
pipe  "B"  a  magnetic  circuit  with  a  winding  fed  at  commercial  frequency. 
The  secondary  winding  la  the  closed  circuit  of  the  molten  metal,  which 
comprises  a  single  turn  of  the  secondary  winding. 

The  degasification  chamber  gives  rise  to  constant  heat  losses  in¬ 
dependently  of  the  volume  of  the  metal  in  the  ladle.  Therefore  if  the 
volume  of  the  metal  In  the  ladle  Is  low,  the  temperature  drop  will  be 
greater.  To  offset  the  heat  losses,  the  temperature  of  the  melt  Is 
raised  or  additional  heating  Is  used. 

The  use  of  an  electromagnetic  pump  to  replace  the  compression 
action  of  the  neutral  gas  In  such  Installations  does  not  lead  to  a 
deterioration  of  the  vacuum. 

The  use  of  a  neutral  gas  (argon)  to  exert  pressure  on  the  me^al 
In  pipe  "a"  deteriorates  the  vacuum  In  the  degaslf Icatlon  chamber  and 
calls  for  the  use  of  powerful  vacuum  pumps . 

Calculations  show  that  the  necessary  pressure  on  the  metal  can  be 
produced  by  an  electromagnetic  pump. 

The  choice  of  the  type  of  pump  to  move  the  liquid  steel  depends 
on  many  factors,  the  most  Important  of  which  are  Indicated  below. 
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The  naterlal  of  the  neck  or  pipe  walls  cannot  he  steel,  as  Is 
usually  the  case  for  pumping  metals  at  low  tenpersturs.  The  high 
te.mperature  of  liquid  steel  (l600®C)  calls  for  the  use  of  ceramic 
materials  which  have  the  necessary  properties.  . 

The  thickness  of  the  ceramic  wall  of  the  neck  (pipe)  must  exceed 
by  a  factor  of  several  times  ten  the  thickness  of  a  metallic  wall 
v/hlch  is  used  for  pumps  for  low  temperature  metals.  In  order  to  provide 
mechanical  strength  and  thermal  insulation. 

The  thickness  of  the  layer  of  liquid  steel  cannot  be  assumed  to 
be  the  same  as  In  pumps  for  metals  with  lower  temperature,  since  the 
steel  may  cool  down  on  the  walls  of  the  pipe,  in  spite  of  preliminary 
heating. 

If  the  thickness  of  the  ceramic  wall  of  the  neck  is  assum.ed  to  be 
45  mm  and  the  minimum  thickness  of  the  liquid  steel  to  be  30  mm,  then 
the  minimum  distance  between  the  inductors  (in  the  case  of  a  flat  In¬ 
duction  pump)  is  120  mm.  Such  an  "air"  gap  calls  for  rather  large 
magnetizing  current  and  consequently  for  high  line  current  loads  on 
the  surface  of  the  stators. 

With  so  large  a  gap,  it  Is  desirable  to  produce  the  current  In 
the  secondary  circuit  of  the  pump  (in  the  layer  of  liquid  metal)  by 
conduction  using  direct  or  alternating  current.  However,  to  supply 
current  to  a  layer  of  liquid  steel  Is  a  rather  dlificult  matter.  Tne 
electrodes  that  supply  the  current  to  the  liquid  steel  must  withstand 
a  high  temperature,  be  good  electric  conductors  a::d  poor  heat  conduc¬ 
tors,  and  must  not  dissolve  In  the  steel  and  deteriorate  Its  proper¬ 
ties.  The  most  suitable  electrode  for  this  purpose  could  be  graphite, 
but  it  may  carburize  the  steel.  In  addition,  direct  contact  between 
the  metal  and  the  electrodes  causes  the  latter  to  wear  and  .makes  It 
necessary  to  displace  the  electrodes  through  a  hlgn  vacuum  seal  or  to 
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replace  the  electrodes  cor.pletely.  All  this  r.akes  the  pump  construc¬ 
tion  very  complicated.  The  difficulties  connected  with  providing  re¬ 
liable  current  supply  to  liquid  steel  make  it  necessary  to  forego  for 
the  time  being  the  use  of  conduction  pumps. 

It  becomes  necessary  to  choose  a  flat  Induction  pump,  where  the 
current  In  the  liquid  metal  Is  produced  by  Induction,  and  the  problem 
of  electrodes  and  the  associated  tight  seals  Is  eliminated. 

The  Departments  of  Electric  Machinery,  General  Electrical 
Engineering,  and  IKJMZ  of  the  S.M.  Kirov  Ural  Polytechnic  Institute 
have  completed  a  design  for  a  degasification  unit  for  liquid  steel  . 
using  the  circulation  method  with  an  electromagnetic  pump  at  two  fre¬ 
quencies: 

a)  at  50  cps  with  a  liquid  steel  layer  30  mm  thick,  power  P  = 

=  2050  kva,  and  a  rating  of  85  mVhr; 

b)  at  16  cps,  80  mm  layer  of  liquid  steel,  P  =  ,1650  kva,  and 
rating  173  mVhr. 

The  practical  utilization  of  the  designs  calls  for  the  Installa¬ 
tion  of  pipes  made  of  high  grade  refractories. 

The  refractory  material  used  to  manufacture  the  pipe  should  have 
high  mechanical  strength  at  a  temperature  l600-l800°C.  In  addition, 
the  wall  of  the  pipe  should  be  sufficiently  resistant  to  wear  result¬ 
ing  from  friction  produced  by  the  moving  metal  at  this  temperatv.re, 
and  also  dense  so  as  to  prevent  air  from  being  sucked  in  througl  the 
walls,  of  the  pipe. 

Electromagnetic  stirring  can  find  extensive  use  In  the  desulphur¬ 
ization  of  cast  Iron.  Usually  cast  Iron  is  desulphurized  In  a  drum  Into 
which  the  liquid  cast  Iron  Is  poured  from  a  ladle  and  covered  with  a 
slag  of  necessary  composition,  after  which  the  drum  Is  rotated  so  as 
to  mix  the  cast  Iron  and  the  slag.  After  the  end  of  the  process  the  . 


metal  Is  again  poured  out  Into  a  pouring  ladle. 

This  process  has  appreciable  shortcomings.  It  Is  not  technological¬ 
ly  sound,  since  It  calls  for  repourlng  the  molten  cast  Iron  through  the 
neck  of  the  ladle  Into  the  opening  of  the  drum.  Multiple  repouring  of 
the  cast  Iron  leads  to  large  heat  loss  and  to  the  cooling  of*  the  cast 
iron.  When  the  drum  rotates,  its  lining  is  damaged  by  the  molten  cast 
iron  and  calls  for  time-consuming  repairs. 

The  use  of  electromagnetic  .stirring  makes  it  possible  to  desul¬ 
phurize  cast  iron  directly  in  the  ladle,  thus  yielding  appreciable 
technical  and  economical  advantages. 

In  many  cases  it  may  prcve  advantageous  to  use  electromagnetic 
stirring  in  open  hearth  furnaces,  in  foundry  production,  etc. 
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POWER  SUPPLIES  FOR  INSTALLATIONS  FOR 
ELECTROMAGNETIC  STIRRING  OP  LIQUID  STEEL  IN  LADLES 

Ya.I.  Droblnln 
Sverdlovsk 

Unlike  the  Installations  used  for  stlrrinc  In  arc  furnaces, 
where  the  depth  of  the  bath  does  not  exceed  0.8  meters  and  the  re¬ 
quired  depth  of  penetration  is  not  larger  than  0.4  meters,  when  steel 
Is  mixed  in  large  ladles  with  capacity  on  the  order  of  100  tons,  a 
large  depth  of  penetration  of  the  magnetic  field  into  the  liquid 
metal  (up  to  1  meter)  is  required,  and  consequently  the  frequency  of 
the  current  fed  to  the  stirrer  must  be.  lower  (on  the  order  of  0.2- 
0.4  cps) .  ' 

On  the  other  hand,  tiie  small  thickness  of  the  ladle  lining, 
which  usually  does  not  exceed  10  or  20  centimeters,  is  several  times 
less  than  the  lining  of  electric  arc  furnaces,  where  it  reaches  O.S- 
1  meter,  so  that  the  ralitsg  of  the  power  supply  can  be  reduced  and 
consequently  a  different  power  supply  system  can  be  used  and  differ¬ 
ent  equipment. 


Fig.  1.  Oscillogram  of  the  voltage  of  a  slip 
rlr.g  type  two-phase  low  frequency  0.5  cps 
converter. 


The  system  used  for  stirrers  in  the  US3H  Is  that  of  the  "Elektro 
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slla"  plant  [1],  which  contains  10  machines.  This  system  can  be  reduced 
to  four  or  even  three  machines  by  replacing  the  rheostatic  frequency 
transmitter  and  the  amplldynes  by  a  slip  ring  frequency  converter.  The 
use  of  a  slip  ring  converter  as  a  transmitter  for  Infralow  frequency 
was  investigated  at  the  Ural  Polytechnic  Institute.  An  oscillogram 
taken  from  a  two-phase  0.5  cps  transmitter  Is  shown  In  pig*  1. 

The  machine  stage  can  be  simplified  by  re¬ 
placing  two  single-phase  generators  with  one  two- 
phase  generator,  which  saves,  by  calculation, 
about  yyja  of  material  and  reduces  the  area  occu¬ 
pied  and  the  weight  of  the  foundation.  The  dia¬ 
gram  of  such  an  Installation  Is  shown  In  Fig.  2. 
Two- phase  low  frequency  generators  for  stirring 
purposes  have  been  In  operation  In  Swedish  In¬ 
stallations  for  ten  years  and  have  given  good 
results. 

The  system  can  be  further  simplified  by 
feeding  the  stator  directly  from  a  slip  ring  converter  of  suitable 
rating  (Fig.  3).  The  Ural  Polytechnic  Institute  has  developed  the 
design  of  such  an  Installation,  and  Its  technical  and  economic  indices 
as  compared  with  other  rotating-machlne  systems  are  listed  In  Table  1. 
The  converter  power  rating  Is  500  kw.  The  stator  voltage  Is  130  volts, 
the  frequency  Is  0,5  cps  (adjustable),  and  the  current  Is  2000  A.  The 
slip  ring  converter  can  be  made  In  two  variants:  with  rotating  arma¬ 
ture  and  with  stationary  armature  and  rotating  brushes. 

If  the  armature  Is  stationary,  the  machine  can  be  made  of  the 


Pig.  2.  Three- 
machine  system: 

G  —  two-phase 
generator;  SD  — 
drive  motor;  K  — 
slip  ring  con¬ 
verter  used  as  ■ 
exciter. 


vertical  type  to  reduce  the  occupied  area,  but  the  rotating  brushes 
make  the  construction  more  complicated,  although  the  overall  losses 
are  reduced. 


Pig.  3.  Slip  ring  con¬ 
verter  as  the  main 
generator  of  two- phase 
low  frequency  current: 

K  —  converter;  T  — 
regulating  transformer; 
R  —  rotary  winding  (im¬ 
bedded  In  the  stator 
steel);  DS  —  two-phase 
stator. 


To  obtain  current  at  Infralow  fre¬ 
quency,  one  can  also  use  Ionic  frequency 
converters.  An  Ionic  frequency  converter 
with  pumped-out  rectifiers  was  considered 
previously  Il-3l-  Less  power  Is  needed  to 
stir  In  ladles,  and  the  converter  can  also 
be  made  with  sealed  rectifiers  of  the 
Zaporozh'ye  electric  apparatus  plant  In 
accordance  with  the  circuit  of  Pig.  4. 
Contacts  K-1  and  K-2.  have  been  Introduced 
Into  the  circuit  to  shut  the  rectifiers 
off  during  the  time  when  the  low  frequency 


TABLE  1 


Name  of  System 

Cost  of 
Equipment, 
Thousands 
of  Rubles 

Annual  Oper¬ 
ating  Cost, 
Thousands 
of  Rubles 

Hourly 

Losses, 

Rubles 

System  of  the  "Elek- 
troslla"  plant 

18.34 

1.13 

1.03 

System  with  two-phase 
generator 

12.91 

0.81 

1.08 

System  with  slip  ring 

• 

converter 

7.92 

0.53 

0.79 

current  reverses  polarity.  The  contacts  are  made  necessary  by  the 


fact  that  the  rectifiers  have  a  common  cathode  for  all  the-  anodes  of 


a  given  rectifier.  The  grid  control,  as  In  Installations  v/ith  Isolated 
cathodes.  Is  operated  by  a  selsyn  rheostat.  Contacts  K-1  and  K-2  are 
turned  on  and  off  by  a  frequency  transmitter,  with  which  they  are 
mechanically  coupled.  Thus,  they  operate  in  synchronism  with  the  Ire- 


quency  of  the  voltage  applied  to  the  control  grids.  The  switches  have 
each  two  pairs  of  normally  closed  and  two  pairs  of  norm.ally  open 
contacts.  Simultaneously  with  the  switching  of  the  rectifiers^  the 


null  point  of  the  two- phase  stator  Is  switched  over,  thereby  reversing 
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Fig.  h,  Ionic  frequency  conver¬ 
ter  using  sealed  rectifiers 
with  common  cathode: 

1»  2,  3»  ^  —  multiphase  recti-' 
fiers  with  common  cathode; 
and  Kg  —  contacts  operated 

by  the  drive  of  the  selsyn 
rheostat;  SR  —selsyn  rheostat; 
T  —  transformer;  S  —  grid  con¬ 
trol;  DS  —  two-phase  stator  of 
electromagnetic  stirrer. 


the  current  in  both  stator  phases, 
and  the  disconnecting  of  the  In¬ 
operative  cathodes  makes  it  possible 
to  avoid  a  short  circuit  between  the 
rectifiers.  Sealed  rectifiers  are 
produced  by  the  Zaporozh’ye  plant 
with  a  rating  of  250  A  with  6  recti¬ 
fiers  in  a  single  cabinet.  The  use 
of  two  cabinets  makes  feasible  an 
installation  rated  at  750A  in  ac¬ 
cordance  with  a  circuit  previously 
described  [l].  Sealed  rectifiers 
with  common  cathode  are  manufactured 
with  a  rating  of  500  A.  This  circuit 


is  made  up  of  four  rectifiers  (see  Pig.  4). 

A  promising  development  for  further  use  in  circuits  for  generat¬ 
ing  infralow  frequency  is  a  mechanical  frequency  converter  which  has 
higher  efficiency  than  all  others  as  a  result  of  the  smaller  voltage 
drop  in  the  converter  contacts  (1-2  V)  as  against  15-20  V  voltage 
drop  in  the  rectifier  arc,  which  is  particularly  important  at  the  low 
voltage  used  to  operate  the  stator  of  the  electromagnetic  stirrer, 
which  usually  does  not  exceed  100-200  V. 

The  mechanical  frequency  converter  is  based  on  a  mechanical 
rectifier  with  adjustable  voltage.  The  converter  diagram  is  shown  in 
Fig.  5*  In  analogy  with  the  ionic  converter,  the  role  of  the  grid  in 
the  adjustable  mechanical  converter  is  assumed  by  rotation  of  the 
stator  of  a  synchronous  motor,  which  regulates  the  phase  shift  at 
which  the  converter  contacts  are  closed.  By  periodically  varying  the 
stator  angle  as  set  by  the  drive  mechanism  in  accordance  with  a 
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specified  law,  we  change  the  voltage  at  the  output  of  the  converter 
from  zero  to  the  maximum.  At  a  frequency  of  0.5  cps,  the  duration  of 
one  half  cycle  of  the  alternating  current  will  be  one  second.  During 
that  time  the  contacts  of  the  converter,  which  are  operated  by  a 
synchronous  motor  at  3OOO  rpm,  will  close  50  times  per  phase,  and  In 
the  case  of  three-phase  current  and  full  wave^ rectification  the  con¬ 
tacts  will  close  50  X  6  =  300  times,  which  provides  a  sufficiently 
smooth  variation  of  the  voltage  wave  form. 

The  wave  form  of  the  current  will  be 
smoothed  by  the  Inductance  of  the  circuit 
and  of  the  reactor  In  the  neutral  lead. 

The  angle  of  stator  rotation  governs  also 
the  direction  of  the  current  flowing 
through  the  converter  contacts.  Rotation 
In  one  direction  causes  the  converter  to 
operate  on  the  positive  half  wave,  and 
rotation  In  the  opposite  direction  causes 
operation  on  the  negative  half  wave. 

Unlike  the  Ionic  converter,  which  does  not 
pass  current  in  the  opposite  direction, 
the  mechanical  converter  Is  indifferent 
to  the  direction  of  the  current  flov.  Ing 
through  Its  contacts.  This  makes  It  possi¬ 
ble  to  reduce  the  number  of  circuit  ele¬ 
ments  necessary  for  the  converter,  that  Is,  to  leave  the  number  of 
contacts  the  sam.e  as  In  ordinary  rectifying  circuits.  Inasmuch  as  In 
this  case  a  periodically  repeated  process  Is  necessary  (the  generation 
of  a  current  at  a  frequency  0.2-1  cps),  the  stator  must  also  be  ro¬ 
tated  periodically  to  permit  the  contacts  to  operate  at  reversible 
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Pig.  5*  Mechanical  fre¬ 
quency  converter; 

T  —  transformer;  and 

Rg  —  adjustable  reac¬ 
tors;  D„  —  drive  motor; 
P 

R  —  reduction  gear  to 
rotate  the  selsyn  rheo¬ 
stat  and  the  mechanism 
(M)  which  rocks  the 
stator  of  the  synchron¬ 
ous  motor  (SD) ;  If. and 
2f  —  2  phases  of  the 
low  frequency  0.5  cps 
stator. 
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polarity,  sor.ethlng  effected  by  a  r.echar.lsn;  which  rocks  the  stator 
with  a  periodicity  corresponding  to  the  operating  frequency.  The 
voltage  of  the  mechanical  converter  can  be  regulated  by  magnetizing 
an  adjustable  reactor  connected  In  the  supply  circuit  of  the  converter. 
In  both  cases  the  start  of  the  commutation  Is  shifted  relative  to  the 
voltage  of  the  supply  line,  so  that  the  magnitude  of  the  rectified 
current  changes,  and  by  shifting  at  the  same  time  the  stator  angle 
(from  +a  to  -a)  we  change  periodically  also  the  polarity  of  the  curve. 
The  auxiliary  winding  of  the  commutation  choke  makes  It  possible  to 
shift  the  hysteresis  loop,  and  consequently  to  control  the  current, 
through  the  contact  during  the  time  that  they  are  at  a  given  step 
and  control  the  slowing  down  of  the  on  time.  This  can  also  be  attained 
Independently  of  the  commutation  chokes  by  connecting  In  the  primary 
or  secondary  side  of  the  main  transformer  an  adjustable  reactor.  In 
which  the  magnetization  Is  produced  with  direct  current.  This  method 
yields  smooth  and  rapid  regulation,  which  can  be  made  periodic  or 
to  follow  a  specified  law  by' suitable  design  of  the  steps  of  the 
selsyn  rheostat  (SR  —  Fig.  5)»  which  feeds  current  to  the  magnetiza¬ 
tion  winding  of  the  adjustable  reactor,  that  Is,  a  sinusoidal  wave 
form  can  be  obtained  for  the  current.  A  two-phase  current  with  a 
phase  shift  of  90°  Is  produced  by  magnetizing  reactors  and  Rg  by 
currents  from  the  selsyn  rheostat,  which  are  shifted  90°  by  mounting 
the  brushes  on  the  rheostat  at  an  angle  of  90°. 
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Manu¬ 
script  (List  of  Transliterated  Symbols] 
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620  r  =  G  =  generator  =  generator 

620  CJI  s=  SD  =  slnkhronnyy  dvlgatel*  =  synchronous  motor 

620  K  =  K  =  kollektornyy  =  collector,  slip-ring 

621  P  =  R  =  rotor  =  rotor 

621  K  =  K  kollektornyy  preobrazovatel*  =  slip- ring  converter 

621  AC  =  DS  =  dvukhfaznyy  stator  =  two-phase  stator 

622  CP  =  SR  =  selsinnyy  reostat  =  selsyn  rheostat 

622  K  =  K  kontakt  =  contact 

622  C  =  S  =  setochnyy  =  grid  (adj. ) 

623  An  =  =  dvlgatel’,  prlvodnoy  =  motor,  drive 
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HYDROGAS  ANALOGY  IN  MAGNETOHYDRODYNAMICS 

*  L.A.  Vulls,  P.L.  Gualka 

Alma-Ata 

The  advisability  of  generalizing  and  employing  In  magnetohydro¬ 
dynamics  the  well  known  hydrogas  analogy  proposed  In  the  works  of 
N.Ye.  Zhukovskiy  Is  pointed  out.  The  gist  of  the  analogy  Is  to  simu¬ 
late  Isentroplc  flow  of  a  conducting  compressible  gas  with  the  aid  of 
a  hydraulic  trough,  by  observation  of  the  flow  of  an  Incompressible 
conducting  liquid  (with  free  surface)  subjected  to  the  action  of 
electric  and  magnetic  fields.  The  use  of  this  analogy  for  one-dimen¬ 
sional  and  two-dimensional  flows  Is  briefly  discussed.  The  decisive 
significance  of  the  magnetic  Reynolds  number  Re^^j  Is  Indicated,  and 
features  of  simulation  In  limiting  cases  of  large  and  small  values 
of  this  number  are  discussed. 

A  complete  exposition  Is  found  In  the  authors’  article  "Hydrogas 
Analogy  In  Magnetohydrodynamics"  (ZhTP,  7,  31»  819,  I961). 


*  • 
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CERTAIN  PROPERTIES  OP  SUSPENDED  LAYER  .  • 

0?  PERROMAONETIC  PARTICLES  IN  A  MAONBTIC  FIEID 

M.V.\Plllppov 

Riga 

a 

In  the  present  eonununlcatlon  we  descr.ibe  certain  properties  of 
a  suspended  layer  of  ferromagnetic  particles  in  a  magnetic  field. 

The  suspended  layer  la  a  two^phase'mixture  which  has  a  far 

•  .  ■  »  >  ^  C*  *  ■*  ,  • 

*  *  t  '5.  ■  »**  * 

reaching  similarity  to  a  liquid  which  i'sHh'the  state  of  turbulent 
motion,  and  is  therefore  frequently  called  semi-* liquefied.  If  the 
particles  of  the  solid  phase  of  the" suspended  layer  are  ferromagnetic* 
then  the  latter  can  be  regarded  in  tnany* respects  as  a  certain  ferro* 
magnetic  pSeudollquld*  i  study  of  which' la  of  Interest  all  the  toore 
since  there  are  no  known  liquid  ferromagnets.  The  lack  of  a  theory 
and  of  much  Information  on  the .mechanism  of  the  phenomenon  makes  the 
accumulation  of  experlmental^data  and  laws  evert  more  important. 

Among  the  main  parameters  of  a  Suspended  layer  is  primarily  the 
critical  velocity,  that  is,  the  velocity  of  the  stream  at  which  the 
stationary  layer  goes  Into  the  suspended  state. 

This  is  followed  by  the  expansion  law,  that  is,  the  connection 
between  the  porosity,  the  fractions  of  the  free  volume  Of  the  layer* 

E,  and  the  velocity  of  the  stream  v,  usually  expressed  in  criterlal 
form  in  terms  of  the  Reynolds  number  Re  =  v-d/v.  and  the  Archimedes 
number  Ar  =  (g*d^)/v®*  —  pg)/pg»  for  example  in  the  fOrm 

.  /l3Re+0.3SRe*\'^ 

‘=•1 - 5 - 1  ‘ 


-  626 


v/here  d  —  defining  linear  dlr^enslon  of  the  particle,  v  -  klner.atlc 
viscosity  of  the  suspended  r.edluni,  —  Its-  density,  —  density  of 
the  solid-phase  substance. 

Among  the  Important  characteristics  of  the  suspended  layer  are 

also  Its  resistance,  which  Is  practically  equal  to  the  weight  of  the 

layer  pe»  a«ea  Of  the  eelumn  cross  section, .and  the  viscosity. 

The  pov^eie  of  tit9  lUvesttgatleAs  performed  was  to  establish  the- 

charaeter  of  Ule  fxerttil  Oh  alX  these  parameters  by  a 

hoinogeneo^  l^gltudli)a|  r\tefRat1;Dg  Jtagaetto  field. 

#  •  *  » 

‘  '>■  v/  *The  fofromagnetlc  phaao  Hit  nOdO  Of ‘small  Iren  syltnders  and 

small-  cajto  lrca|,  spheres ,  Vlth  average  diameter '.1  •67  V  0.07  mm,  and 
'  ■'  ^  ‘  " 
also’ part  idles  of  ‘ground  hattirol  Magnetite  tbe'jCtirsk  magnetic 

* .  ►  *>,••• , 
anomaly,'* mtasilrlfii^  0.07->0.%  nut.)  the  sOOpeadlng  In  the  experl- 

*  •  •  ’  ^c.'’ 

ments  with  thf  |rea  and  0*s0  ir'oh  jiarttcles  was  ‘water,  -while  In  the 
experiments  liith  isafl»*tUe  iir  tMed«  »*  * 

''  iieasuret^tt  Of  the  dependence  ef  the  height;  of  tOe  layer  on 
the  streaiii  Volocity,  carried  out  at  aagnetia  fietd  intensities  up  to 
150  oersted*  have  established  that  the  ‘ausptnsiatt,  of  the  layer.  In 
either  watei*  or  in  air  streams,  occurs  at  the  same  value  of  the 
critical  velocit/  as  without  the  field.  At  veleelties  greater  than 
Vj^,  the-  Isysr  broadens,  but  the  eharaetcrlatle  random  motion  of  the 
•  particles  no  longer  sets  in.  Xlxe  motion  of  the  particles  now  reduces 
to  slow  dlsplasements  migrations  In  the  direction  of  the  magnetic 
field  flux  lines.  The  particles  gather  gradually  along  the  flux  lines, 
and  the  pattern  of  the  gathering  depends  on  their  hydrodynamic  re¬ 
sistance.  Thus,  whereas  spherical  particles  form  chains  stretching 
along  the  axis  of  the  column  and  separated  by  channels  that  are  free 
of  the  solid  phase  as  they  are  gradually  slowed  down  In  the  magnetic 
field,  cylindrical  particles,  which  have  a  larger  hydrodynamic  resls- 
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tance,  behave  somewhat  dllTerently  In  this  respect. 

The  cylindrical  particles  gather  Into  coarse  cl’-scers  with  a 
pronounced  although  Incomplete  longitudinal  orientation,  reminiscent 
of  the  ramified  complexes  of  polymerized  molecules,  so  that  we  can 
figuratively  state  of  the  suspended  layer  stopped  by  the  mag- 

ttild  1  pStttiopeXShier  state. 

f  fkttmal  •pjleattnee  a  pseudopolymer  layer  of  spherical 

i.  • 

%  ax}A  pm:elt«  t#  shown  In  Fig.  1. 

ttUtt  ipptr  tdft  of  fttClt  4  layer  Is  usually  outlined  by  formations 
of  rasilftod  OhartCtOr^  Mking  it  difficult  to  determine  exactly  Its 
hOightf  thO  MOSUSOmtnt  of  vlitcit  h?s  in  this  case  a  tentative  charac- 


c 

e  a  «  •  O 

-3v:»  ^ 


•  « 

r* 


Vlth  further  inerosse  in  the  stream  velocity,  the  pseudopolymer 

c~-V  ■* 

o' •  Otfueturo  of  tho  loytr  treaks  up  and  Its  particles  are  gradually  set 
,, , 

b'-f. .  Into  Isotlcni  tho  loyor  teeomes  pseudollquefled. 

i-  •  JhlO  oeeuPO  Ot  relatively  low  magnetic  field  Intensities.  However, 

If  the  lUgnctle  field  intensity  at  which  the  above-described  phenomenon 
•  tSkeO  plSee  Is  sufficiently  large,  then  when  the  stream  velocity 

1;  .  appro»el**S  the  soaring  velocity  of  a  single  particle,  the  entire  • 

■pi*V<3a^olymer  layer  Is  carried  out  as  a  unit  from  the  working  volume 

^  * 

of  the  column. 

Sometimes  such  a  layer  along  with  being  carried  out  of  the  column 
also  breaks  up  Into  pieces  of  larger  or  smaller  dimensions. 

It  should  be  pointed  out  that  there  Is  a  difference  in  the 
structure  of  the  pseudopolymer  layer  of  particles  suspended  by  water 
streams  and  those  suspended  In  air.  Whereas  In  the  former  case  all 
the  particles  of  the  layer  are  In  a  stationary  state.  In  the  latter, ‘ 
even  when  the  intensity  of  the  retarding  field  was  large,  one  or 
more  sources  of  particle  gushing  was  always  observed.  These  sources  . 
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Fig.  1-  External  view  of  pseudopoly¬ 
mer  layer  of  spherical  and  cylindri¬ 
cal  particles. 

were  channels  along  which  the  suspending  air  stream  flows  with  a 
velocity  which  greatly  exceeds  Its  average  value,  so  that  It  breaks 
away  Individual  particles,  carries  thorn  with  It,  and  ejects  them  up¬ 
ward  out  of  the  pseudopolymer  layer. 

The  described  gushing  phenomenon  must  be  taken  Into  consideration 
in  the  development  of  practical  applications  of  this  phenomenon. 

To  ascertain  the  feasibility  of  controlling  a  layer  of  ferro¬ 
magnetic  particles  by  means  of  a  magnetic  field,  it  Is  interesting  to 
establish  the  character  of  the  influence  that  the  latter  exerts  on 
its  height. 

Figure  2  shows  the  dependence  of  the  porosity  of  the  layer  on 
the  Reynolds  number,  plotted  at  different  values  of  H  from  0  to  75 
oersted,  for  cylindrical  particles  suspended  by  a  v/ater.  stream.  The 
course  of  this  dependence  discloses  the  existence  of  two  regions.  In 
each  of  which  the  magnetic  field  acts  on  the  suspended  Iryer  In 
different  fashion. 

At  expansions  up  to  e  ~  0.65,  the  magnetic  field  hardly  Influ¬ 
ences  the  height  and  It  Is  perhaps  more  correct  to  speak  here  only  of 
a  tendency  towards  a  certain  com;pre3slon  of  the  layer  subjected  to 
the  retardation  by  the  magnetic  field.  Regardless  of  the  magnetic 
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field  Intensity,  the  expansion  of  the 

layer  follows  here  the  law  that  holds 

true  when  H  =  0. 

When  the  expansion  of  the  layer 

exceeds  e  »  O.65,  the  Influence  of  the 

magnetic  field  on  the  porosity  e  (and 

consequently  also  on  the  height  h)  of 

the  layer  Increases  and  It  becomes 

possible  to  control  the  height  of. the 

layer  by  means  of  the  magnetic  field 

Pig.  2.  Connection  between  within  technically  acceptable  dimensions, 
the  porosity  of  the  layer 

and  the  Reynolds  number  It  must  be  recognized,  however,  that 

for  different  magnetic 

fields:  •— H=0;+  —  H=  when  the:  layer  is  sharply  precipitated 
=  10  oe;  0  —  H  =  20  oej 

X  —  H  =  30  oe;  A  ~  H  =  40  under  the  Influence  of  the  magnetic 

oe;  0»—  H  =  60  oe;  ■  —  H  » 

=  75  oe.  field.  It  Is  subject  to  such  phenomena 

as  channels,  plugs,  bubbles,  and 

gushers,  which  give  rise  to  nonuniform  escape  of  groups  of  particles 
and  to  sharp  fluctuations  in  the  pressure,  etc.,  so  that  the  stream 
conditions  become  unstable.  The  start  of  the- precipitation  of  the 
layer  coincides  with  a  sharp  decrease  in  the  velocity  of  the  random 


Fig.  3-  Connection  between 
the  resistance  of  the  sus¬ 
pended  layer  and  the  magnet¬ 
ic  field  Intensity. 

1)  centimeters  water  column. 


motions  of  the  particles  and  precedes 
the  transition  of  the  bulk  of  the 
layer  into  the  pseudopolymer  states  at 
an  even  larger  Increase  In  H.  Thus,  the 
process  of  controlling  the  height  of  a 
suspended  layer  of  ferromagnetic  parti¬ 
cles  by  means  of  a  magnetic  field  oc¬ 
curs  at  different  rates  of  particle 
mot  ton . 
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Figure  3  3hov;3  the  variation  of  vhe  resistance  for  a  suspend¬ 
ed  layer  of  Iron  particles  of  cylindrical  form  In  a  nagnetlc  field. 

As  can  be  seen  from  the  plot,  small  fields  do  not  exert  a  noticeable 
influence  on  the  resistance  of  the  layer.  Then,  at  a  certain  value  of 
H,  sharp  oscillations  of  the  resistance  begin,  which  usually  tend  to 
decrease  It.  This  corresponds  phenomenologically  to  the  start  of  a 
sharp  precipitation  of  the  layer  and  to  the  formation  of  disturbances 
to  the  stream  conditions  In  It,  and  also  a  considerable  decrease  In 
the  velocity  of  motion  of  the  particles.  As  the  layer  Is  gradually 
stopped  and  the  pseudopolymer  structure  formed,  the  resistance  of  the 
layer  becomes  equalized  and  assumes  the  same  value  as  when  H  =  0, 
although  the  height  of  the  stopped  layer  Is  much  smaller  than  that  of 
a  layer  suspended  without  the  field. 

The  reason  for  it  must  be  sought  In  the  presence  of  channels  In 
tWfe  pseudopolymer  layer,  which  separate  the  accumulations  of  the 
particles  stretched  out  along  the  field,  and  through  which  the  stream 
moves  with  decreased  resistance.  The  formation  of  a  pseudopolymer 
state  of  a  suspended  layer  proceeds  in  such  a  way  as  to  guarantee 
automatically  the  constancy  of  its  resistance  by  suitable  clustering 
of  the  particles  in  accordance  with  their  hydrodynamic  properties. 

The  viscosity  of  the  pseudopolymer  layer  is  much  higher  than 
that  of  the  layer  when  H  =  0,  as  was  demonstrated  by  many  research.es 
of  qualitative  character. 

The  effect  of  a  magnetic  field  on  a  suspended  layer  of  ferromag¬ 
netic  particles  can  be  greatly  Intensified  by  placing  one  or  several 
thin  Iron  rods  either  inside  the  layer  or  above  Its  upper  edge. 

The  high  induction  of  these  ferromagnetic  bodies  contributes  to 
the  occurrence  of  new  peculiarities  In  the  suspension  of  the  layer. 
Although  the  experiments  carried  out  In  this  direction  were  tentative 
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In  character.  It  was  possible  to  establish  nevertheless  that  this 
r.ethod  can  greatly  Increase  the  critical  velocity 'and  the  rate  of 
removal  of  the  layer,  and  also  to  change  the  course  of  the  expansion 
curve  and  reduce  the  resistance  of  the  layer. 

Further  experiments  In  this  direction  are  being  continued. 

In  conclusion  let  us  discuss  the  use  of  this  phenomenon. 

When  speaking  of  practical  applications.  It  must  be  pointed  out 
that  the  magnetic  field  can  be  used  as  a  supplementary  regulating- 
factor  in  all  processes  Involving  bolllng-layer  techniques,  where  the 
solid  phase  comprises  ferromagnetic  particles.  We  note.  In  particular, 
the  possibility  of  using  a  magnetic  field  In  coal-dressing  Installa¬ 
tions  with  magnetite  filler  used  to  reduce  the  Inhomogeneltles  of  the 
suspension  conditions.  Favorable  results  are  obtained  also  by  using 
a  magnetic  field  to  separate  a  suspended  mixture  of  particles,  one 
component  of  which  has  ferromagnetic  properties. 

The  retardation  of  the  particles  and  the  formation  of  a  pseudo¬ 
polymer  structure  of  the  ferromagnetic  phase  In  the  magnetic  field 
make  It  possible  to  assume  that  this  method  makes  feasible  the  con¬ 
trol  of  the  heat  exchange  process  In  the  suspended  layer,  the  Intensity 
of  which  Is  connected  with  the  velocity  of  the  pulsation  motions  of 
the  particles.  Further  study  of  the  properties  of  the  suspended  layer 
of  ferromagnetic  particles  in  a  magnetic  field  will  undoubtedly  dis¬ 
close  many  other  ways  of  employing  this  phenomenon. 
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MAGNETIC  SEPARATION  OF  PARTICLES  IN  SUSPENDED  STATE  . 

3.T.  FlllppoT 

• 

The  presence  of  wAiWk  noVkolky  a  suspefi^eA  Mire* 

brings  about  a  conti^oM  ^isplacefie^t  Of  tie  pa*tAcXes,  €l»^9  ^e?e%C- 
Ing  the  separation  f;«|i  tht  MtstW*  ibat  differ 

one  another  in  dlmeMAOhSa 

If  the  partUlt  nUtUTt  esnpClwalKs  1UI«e  Ot»erth»  fer*oill«gheiSc 
properties,  thty  e«a  ««pmt9«  in  •  »t%t*  »?  f^^ehsiob.  Sai  «i9 
stream  by  plaeing  tUt  C^bnA  C  tn  tb*  {ttli  of  %  eetl  *9 

shown  Ifk  Flf  .  !• 

The  tapstiaents  «tr«  et»rit4  eut  with  » tasiwrc  of  qiMtts  f«fl4 

and  a  g»o\jil«  f«rreAagn*t,  IMIlely  SbgnetSt*,  In  •  wtlght  94tlO 
so  that  «h*  height  Of  the  stbtlenoipy  Saytr  In  •  eoloaa  6.4  cn  m  ds«. 
meter  was  «  9.7  ea.  7bo  effscttvw  OliuMt^ra  of  tn«  ftytxelwt, 
which  were  detaf mined  experlJMntall:^  by  aeaivnind  *ait«aA  o«So«lbr 
vs.  pressure  htad**  cbaraeteriatto  fer  tb«  atatxonary  layif.  anovnie^s 
to  d  =  0.012  cm  for  botn  f«nd  Md  fct  4b«  sagil«t|t9 

The  specific  of  4he  y4a4  lb*  a^hetlSe  «at«»S^ 

were  2.65  and  4.75  s/cni^»  respectively. 

The  measured  critical  velocity  of  the  mixture  3*3s5ehs?on  was 
Vj^  =  4.15  cm/sec  and  was  In  between  the  value  for  sand,  Vj^  =  3.2  cm/sec, 
and  for  magnetite,  Vj^  =  5.7  cm/sec,  for  the  Investigated  diameter. 

The  particles  were  suspended  In  an  air  stream  flowing  through  the 
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free  section  of  the  colunin  with  a  velocity  v  = 

=  7.5  cm/sec.  The  relative  suspension  height 
was  In  this  case  h/h^  =  1.15.  The  boiling  of  the 
layer  was  quiet;  small  bubbles  were  continuously 
formed  ia94de  the  ^yev,  iM  «bove  the  edge 
there  vere  two  tv  ^Ayee  ••hsfwatly  gushing 

moving  gwAwttttSti*  the  layer 

^aMf  «les«  viagll  wa»  very  jihe  main  mass 

*  ef  tilt  iraS  appregia^it  tstslctated  hear 

attg.  1.  jt&emai^s 

ttagxan  at  tAs  tAt  QBliltfii  fegtMlt* 

lAsCftllai&aA. 

*  1}  ilr.  tne  duration  af  tht  •usffMigA  war  riws 

InSftwi*#  «4t1|  tc4  Atthoat  Mgaiftte  fSsM*  ATtar  Witch  ft*  mitture 

wts  f earwrd  ^rom  tiit  cotutfi  itytr  icimr*  Xn  each  fraetiov  attaUed 

tn  tut*  ftAnatr.  tAc  Aagnaitce  was  seiparatec  trail  th*  aa«id  ty  msaas  at 


ytg.  1.  ^onaeetloh  t*« 
€wc«a  the  height  of  ths 
layer  ahd  the  relative 
content  of  the  mixture 
components:  0  —  in  the 
absence  of  a  field,  X  — 
in  a  magnetic  field. 

1)  Magnetite;  2)  sand; 
3)  height  of  layer,  cm. 


,tA  t.c«  •Ifctroma^Ret,  and  tAcA  tta  tela* 

tivt  fractlAR  at  eaeli  tan|MVAaat  la  tAt 

flwea  iajcr  ef  the  alatvrt  war  weighed. 

The^longitudltial  alterastlA^  (59  epr) 
*  *  ■ 
magnetic  field  prodatsd  Ay  a  soil  ;C  aoant* 

cd  aoaatai  vitA  the  column  had  rucA  % 

•aT 

flwsrta  of  InhomgcAWlty,  that  it  qeereaaed 
XA  tna  upward  directly  aXohg  the  height 
of  tha  laTcs  front  %<S  to  30  oersted,  fol- 
•  liearly  linear  law. 

The  results  of  the  experiments  are 
shown  In  Fig.  2,  where  the  vertical  axis 
shows  the  height  of  the  layer,  and  the 
horizontal  axis  shows  the  per  cent  con¬ 


tent  by  weight  of  the  sand  and  magnetite  after  the  experiment.  The 


circles  denote  the  results  of  the  experiments  made  In  the  absence  of 
the  field,  and  the  crosses  those  In  a  magnetic  field. 

It  Is  seen  from  the  course  of  the  curves  that  whereas  without  a 
field,  complete  mixing  of  the  particles  occurred  In  the  entire  layer 
during  a  given  suspension  mode,  with  the  exception  of  the  lowest  part 
of  the  layer,  in  a  magnetic  field  a  clear  cut  separation  effect  was 
observed.  The  upper  part  of  the  layer  was  richer  In  sand  and  the 
lower  v«s  richer  tn  the  ferromagnetic  .^3ne4&€e. 

ObservatTohr  ef  the  eftiertor  picture  of  the  suapehsion-  of  the 
Aisture  la  t&t  fiatfteile  field  tbe  waXlr  of  the  eoiv^h  disclose 
the  follevlA^  Pecultafitlff  of  IMr  pbeftoAOfieft.  She  A»ghetite  parti¬ 
cles  hlep.  MVd  4«ther  late  «l<«rtefp  ef  ^ee^do^o^yaier 

•ff^tiife.  the  laivl  dA  the  ether  hehd*  vht«It  rtteated 

ift  fhr  gaff  hetveen  the  ftegnetltt  eleitefr^  ftll  Ihto  the  fastaf 
glfeafld.  fhtr  lAsreattf  tHr  pdrehltf  1a  th«#c  4«f »  JiM*  f «f tb.9 
d«ad  lAtA  tht  upper  ftrt  ef  tnt  taytr. 

SM«  is  felaa  eeecmpanled  by  A  ecntXAMuf  teparatlen  of  b  ^er^ain 
fraeiloA  ef  the  aaghctlte  parttelee  fro»  tbe  hoitMarlee  of  tbe  clusters 
%&4  %  peactrittoA  e?  thei*  partlelee  upveed,  !•  Iht  ^<a^aratLon  is 
not  perfect,  -be  bellsn^  aa<J  ??*•  aottoA  ef  the  pas^Seitts  trv  the  upper 
portion  of  the  mixture,  whSeh  ts  enriched  with  sand,  is  more  Intense 
in  the  magnetic  field  than  without  a  magnetic  field. 

After  the  suspension  terminates  and  the  particles  are  stopped, 
one  can  see  clearly  the  separation  boundary  between  the  mixture  com¬ 
ponents  which  Is  made  choppy  by  the  termination  of  the  ramified 
%• 

groupings  of  the  pseudopolymer  structure  of  the  magnetite  layer. 

The  quality  of  the  separation  depends  to  a  great  degree  on  the 
correct  choice  of  the  working  magnetic  field  Intensity. 
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EXPERI>iQrrAL  STUDY  OF  THE  INFLUEI.'CE  OP 
ELECTROMAGWETIC  FORCES  ON  THE  PLOW  OF  AN 
ELECTROLYTE  AROUND  SOME  BODIES* 

R.K.  Dukure,  O.A.  Llelausls 
Riga 

Recently  several  papers  were  published  In  which  the  Influence 
of  electromagnetic  forces  on  the  flow  of  an  electrolyte  around  bodies 
Is  demonstrated  [l-3]>  In  these  experiments,  an  obstacle  in  the  form 
of  a  round  cylinder  [3l  or  a  semicylinder  [1,  2]  Is  placed  In  a 
laminar  stream  having  a  velocity  on  the  order  of  10  cm/sec.  Electric 
current  Is  made  to  flow  through  the  electrolyte  perpendicular  to  the 
generatrix  of  the  cylinder.  The  cylinder  Is  clamped  between  pole 
pieces  of  a  magnet,  that  Is,  a  magnetic  field  Is  directed  along  the 
generatrix  of  the  cylinder.  The  liquid  around  the  body  Is  acted  on  here 
by  a  ponderomotlve  electromagnetic  force,  directed  along  the  body 
parallel  to  the  velocity  field. 

In  all  the  cases  under  consideration,  the  gradient  of  the 
electromagnetic  forces  In  a  direction  perpendicular  to  the  surface  of 
the  body  Is  determined  principally  by  the  decrease  In  the  magnetic 
field  Intensity  In  the  zone  of  the  stray  field  beyond  the  limits  of 
the  volume  contained  between  the  pole  pieces.  As  Is  well  known,  the 
field  decreases  here  approximately  exponentially  and  decreases  by  a 
factor  2.7  over  a  distance  on  the  order  of  the  distance  between  the 
pole  pieces,  which  In  the  aforementioned  experiments  was  approxlm.ately 
1  cm.  This  means  that  the  gradient  of  the  electromagnetic  forces  near 


the  body  Is  also  characterl?:ed  by  a  distance  on  the  order  of  1  era. 

One  cannot  speak  In  this  case  of  the  action  of  electroir.agnet Ic  forces 

In  a  boundary  layer,  the  thickness  of  which  under  these  conditions  Is 

on  the  order  of  1  ram.  The  ponderomotlve  electromagnetic  forces  act  on 

much  larger  liquid  masses.  Naturally,  under  such  conditions  the  effect 

<• 

of  Improved  flow  around  the  body  Is  most  clearly  pronounced  If  the 
electromagnetic  forces  are  concentrated  In  the  stagnation  region  be¬ 
hind  the  body  [31. 

It  Is  possible  to  produce  an  electromagnetic  force  field  with 
large  gradient,  for  example,  by  placing  on  the  surface  of  the  body 
magnetic  poles  of  alternate  signs,  between  which  electrodes  of  alter¬ 
nate  polarities  are  placed.  The  force  gradient  in  such  a  case  is 
characterized  by  a  distance  which  Is  of  the  same  order  of  magnitude  as 
the  distance  between  the  poles  [4,  5].  However,  In  small-scale  experi¬ 
ments  where  the  'characteristic  dimension  of  the.  body  is  on  the  order 
of  several  centimeters.  It  Is  difficult  to  realize  such  a  system  In 
practice.  To  localize  the  electromagnetic  forces  near  the  surface  we 
have  set  up  experiments  with  a  liquid  of  uneven  conductivity.  A  stream 
of  nonconducting  liquid,  distilled  water,  was  made  to  flow  on  the 
obstacle.  The  electrolyte  was  used  to  color  the  boundary  layer  only. 

A  stationary  fixed  body  made  of  organic  glass  In  the  form  of 
a  semicylinder  or  wedge  was  placed  In  an  annular  magnetohydrodynamlc 
channel.  The  arrangement  of  the  channel  Is  described  In  [4],  The 
channel  was  rotated  uniformly  together  with  the  distilled  water  placed 
in  It.  Under  such  conditions,  liquid  with  uniform  velocity  distribu¬ 
tion  flowed  around  the  statlonarlly  fixed  body.  The  location  of  the 
body  In  the  channel  Is  shown  In  Pig.  1.  The  figure  Is  not  to  scale. 

A  coloring  liquid  having  t'ne  same  density  as  water  (ethyl  alcohol, 

HCl,  and  the  organic  dye  methyl  orange)  were  Introduced  Into  the 
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Pig.  1.  Diagram  of  the  experiment. 


Fig.  2.  Pattern  of  Fig.  3*  Pattern  of  flow 

flow  around  a  semi-  around  a  wedge:  a  — 

cylinder;  a  —  with-  electromagnetic  forces 

out  application  of  act  against  the  direction 

magnetic  field;  b  —  of  flow;  b  —  without  ap- 

electromagnetlc  plication  of  magnetic 

forces  act  In  the  field, 

flow  direction;  c  — 
electromagnet Ic 

forces  act  against  boundary  layer  through  apertures  C  In  the 

the  flow. 

front  part  of  the  body.  The  body  was  In 
a  relatively  homogeneous  magnetic  field,  directed  perpendicular  to 
the  direction  of  the  stream  and  to  the  generatrix  of  the  body.  The 
magnetic  field  was  produced  In  the  channel  with  the  aid  of  a  coll  D, 


0 


fed  thro’jgh  slip  rlfigs.  Electric  current  v;as  r.ade  to  flow  along  the 
generatrix  of  the  body  through  the  colored  boundary  layer.  The  elec¬ 
trodes  v;ere  two  copper  wires  A  and  B.  It  must  be  noted  that  In  the 
case  of  a  sernlcyllnder  the  wires  were  drawn  In  such  a  way  as  to  make 
the  electromagnetic  forces  act  In  the  boundary  layer  only  up  to  the 
point  of  detachment  (shaded  region  In  Fig.  1).  In  the  case  of  a  wedge, 
the  zone  where  the  electromagnetic  forces  were  In  effect  occupied  the 
distance  from  the  holes  for  the  coloring  to  the  rear  edge.  Depending 
on  the  orientation  of  the  magnetic  and  electric  fields,  the  electro¬ 
magnetic  forces  acted  either  In  the  flow  direction  or  against  It. 

Figure  2  shows  photographs  of  the  streamlined  patterns  around  a 
sernlcyllnder  of  radius  1  cm  and  of  height  1.5  cm.  The  distance  between 
electrodes  was  1  cm.  The  upper  photograph  shows  the  case  when  there 
are  no  electromagnetic  forces.  The  central  photograph  Is  for  electro¬ 
magnetic  forces  acting  in  the  flow  direction,  while  the  lovfer  one  Is 
for  forces  against  the  flow.  The  current  between  electrodes  was  2  mA, 
and  the  magnetic  field  Intensity  was  2000  Gauss. 

Figure  3  shows  photographs  of  the  streamlined  pattern  around  a 
wedge  1.5  cm  wide  and  2.5  cm  long.  The  distance  between  electrodes 
was  1  cm  and  the  electrodes  were  1  cm  long.  The  liquid  flowed  over 
the  Investigated  side  of  the  wedge  at  an  angle  of  attack  equal  approx¬ 
imately  to  5°.  The  lower  photograph  shows  the  case  when  there  arc  no 
electromagnetic  forces.  In  the  upper  photograph  the  electromagnc' Ic 
forces  are  against  the  flow,  causing  detachment  of  the  stream.  The 
current  between  electrodes  was  2  mA,  and  the  magnetic  field  Intensity 
was  20C0  Gauss. 

In  all  cases  the  water  flowed  against  the  obstacle  with  a 
velocity  on  the  order  of  5  cm/sec. 
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HEAT  TRANSFER  TO  LIQUID  METALS 

V.M.  Borlshanskly  ^ 

Leningrad 

Polhausen,  Schlichtlng,  Kruzhilln,  Schwab,  tevlch,  Kutateladze 
and  others  use  the  concept  of  thermal  layer  for  the  calculation  of 
heat  transfer  in  different  flow  conditions  (internal  and  external 
problems).  As  applied  to  liquid  metals  flowing  in  pljpes,  the  general 
theory  of  the  problem,  which  was  developed  by  Levlch,  gives  a  computa 
tional  solution  in  the  form  of  a  two-layer  thermal  flow  scheme  (tur¬ 
bulent  thermal  core  and  a  thermal  molecular- transport  layer  near  the 
wall),  with  simultaneous  use  of  the  two-layer  dynamic  stream  scheme 
of  Prandtl  and  Taylor  in  the  calculations.  Calculation  based  on  this 
scheme  gives  qualitative  agreement  with  experiment. 

This  theory  can  be  further  developed  by  using  the  concept  of  a 
three- layer  thermal  scheme  for  the  stream  (thermal  turbulent  core, 
intermediate  thermal  region,  and  molecular  heat  transport  layer  near 
the  wall),  with  simultaneous  assumption  of  the  three-layer  dynamic 
flow  scheme  of  Korman  and  Schwab. 

A  comparison  of  the  experimental  material  on  the  velocities  and 
the  temperature  fields  In  the  flow  of  liquid  metal,  available  in  the 
literature,  confirms  the  theoretical  notion  that  the  dimensionless 
fields  of  the  velocity  defect  and  of  the  temperature  coincide  in  ‘:he 
‘  thermal  turbulent  core  of  the  stream.  On  this  basis,  the  connection 
between  the  thermal  and  dynamic  boundaries  of  the  turbulent  core  can 
be  written  in  the  form 
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where  ^  Is  the  distance  from  i:.-  w^ii  zo  the  boundary  of  the  thermal 
and  dynamic  urb’i'i^nt  cr'-v? 


Is  the  PrandtJ  number. 

The  determination  of  tnc  Lcund-iry  ^  the  molecular  transport 
thermal  layer  near  the  wall  cai,  .>n  the  basis  of  the  relation 

9  ^yxW'\ 


This  approxlmite  relat^t*.  dt-ri .  : 

of  heat  transfer  unler  tend  ^ 

over  a  plate ,  '•.hoMln  b<  only  ci  ^ 

calls  for  r#*rire:.»'nt , 


-ihtiu;*  -:i  In  the  calculation 
-wl'i'T  boundary  layer  flows 
' Lrsfc  approximation  and 


_ ■  ticuiatVrn  cased  on  three- 

laye.-  t;  uche:-;*'  (Bor.  Hha^skly) ; _ —  _ 

calculation  da twc-laj.  -.hermal  scheme 
luevicn;;  Q  -  exp-ji-|.-nents  oi  Isakov  and  Drew 
(heat las  of  r^rcury).;  +  _  experlmants  of 
Brown,  Amated,  and  Short  (cooling  of  mercury); 
a  -  temperature  field;  6  -  coefficient  of 
neat  transfer  (Nu  =  f(Pe)). 


The  calculations  of  the  temperature  fields  and  the -heat  transfer 
coefficients  carried  out  In  accordance  with  the- proposed  three-layer 
thermal  flo'w  scheme  (using  the  Lyon  integral)  gave  Indication  of 
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q-^alltatlve  agreement  with  the  experimental  data  for  the  temperature 
fields  and  the  heat  transfer  coefficients  obtained  In  the  absence  of  t 
oxides  in  the  stream  and  on  the  wall  (Figs,  la  and  lb). 

The  existing  experimental  data  on  heat  transfer  accompanying  the 
flow  of.  liquid  metals  show  rather  noticeable  discrepancies  (up  to  a 
factor  3-^)  at  not  very  large  Peclet  numbers.  This  is  usually  attribu¬ 
ted  to  the  presence  of  the  so-called  "contact  thermal  resistance"  on 
the  boundary  between  the  stream  and  the  wall  of  the  contour.  A  study 
of  the  distribution  of  oxides  and  other  impurities  over  the  cross 
section  of  the  stream,  and  also  of  the  physical  and  chemical  phenomena 
on  the  boundary  with  the  wall  will  make  It  possible  to  develop  en¬ 
gineering  methods  for  Increasing  the  Intensity  of  heat  transfer. 
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SOME  PHYSICAL  AND  CHEI*1ICAL  PHENOMENA 
OBSERVED  IN  FLOWS  OP  LIQUID  METAL  COOLANTS 

A.S.  Andreyev 
Leningrad 

• 

In  an  operating  heat  exchanger,  a  dynamic  equilibrium  Is  estab> 
llshed  between  the  liquid  metal  coolant  and  the  parts  of  the  system 
In  contact  with  It  (the  metal  of  the  circuit  walla,  the  protective 
gases,  etc.).  Contact  with  gases  causes  the  latter  to  be  dissolved  In 
the  metal,  and  Insufficient  purification  of  the  gases  leads  tc  ‘. 
formation  of  oxides,  hydrides,  and  other  compounds.  Metals  predoml- . 
nantly  from  the  Iron  group  are  dissolved  from  the  walls  of  the  cir¬ 
cuit,  and  the  dissolution  may  be  selective  In  character.  The  composi¬ 
tion  and  the  state  of  the  coolant  which  Is  In  constant  contact  with 
the  metal  of  the  circuit  walls  and  with  the  protective  gases  changes 
continuously,  and  Its  change  depends  on  the  properties  of  the  liquid 
metal  and  Its  temperature. 

At  high  temperatures,  sodium  oxides  and  hydrides  are  dissolved  In 
the  metallic  sodium,  along  with  the  metal  from  the  circuit  walls.  In 
the  cooled  portions  of  the  circuit  one  observes  the  opposite  picture  — 
the  release  of  gases,  oxides,  hydrides,  and  solid  metallic  phases, 
resulting  from  the  decrease  In  their  solubility. 

Particles  of  the  solid  phases  (oxides,  metals)  can  be  released 
both  directly  on  the  cooling  surfaces,  as  well  as  in  various  points  of 
the  metal  stream.  In  the  former  cases  crusts  may  form,  causing  a  re¬ 
duction  In  the  cross  section  and  the  plugging  of  the  main  lines  of  the 
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heat  exchange  circuit.  The  solid  metallic  particles  carried  by  the 
stream  Into  the  high  temperature  zone  are  again  dissolved  in  the 
liquid  metal,  to  be  again  separated  In  the  cold  portions.  In  the  zone 


of  the  magnetic  fields  of  flow  meters  and  magnetic  pumps,  these  may 
cluster  together  and  reduce  the  passage  area  of  pipes  and  the  flow  of 


liquid,  and  also  shield  the  magnetic  fields  and  disturb  the  operation 


of  the  magnetic  pumps.  . 


Pig.  1.  Change  In  concentra¬ 
tion  of  the  excess  phase 
(a  or  p)  over  the  cross  sec¬ 
tion  of  the  stream  (Pb-3b  al¬ 
loy):  Series  I  (excess  of  a 
phase),  alloy  5^  Sb,  93^  Pb 
at  5  =  280*C.  Series  II  (ex¬ 
cess  of  P  phase),  alloy  26^ 
Sb,  Pb  at  t  =  300  C. 

Series  III  (excess  of  p 
phase),  alloy  32^  Sb,  68^  Pb, 
at  t  =  300°C;  V  =  2.2  m/sec. 
Ij  Excess  phase;  2)  series; 

3)  m/sec;  4)  distance  from 
■pipe  axis  In  mm. 


A  study  of  the  behavior  of  solid 
suspended  particles  in  a  "dusty" 
metallic  stream  discloses  that  their 
distribution  Is  quite  unique.  In 
vertical  portions  light  particles, 
which  have  a  lower  density  than  the 
liquid  metal  (carrier)  move  towards 
the  periphery  of  the  turbulent 
stream,  while  the  heavier  ones  move 
towards  the  axis  of  the  stream  (Fig. 
1). 

The  separation  of  oxides,  gases, 
and  other  particles  and  their  segre¬ 
gation  from  the  liquid  metal  onto 
the  cooling  surfaces  Is  one  of  the 
possible  causes  of  deterioration  of 
heat  transfer,  which  is  usually  at¬ 
tributed  to  the  so-called  "contact 
thermal  resistances."  This  collective 
title  essentially  unifies  several 
physical  phenomena  of  different 


character,  which  Include  In  addition  to  the  formation  on  the  separa- 
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tlon  boundary  of  a  layer  consisting  of  oxides  and  gases  with  lew 
therral  conductivity,  also  the  following  phenomena  which  should  be 
thoroughly  studied:  a)  diffusion  of  liquid  metal  Into  the  adjacent 
metal  oif  the  contour  and  formation  of  a  diffusion  layer  with  different 
structure  In  the  layer  at  the  contact;  b)  Increased  concentration  of 
carbon  and  change  In  the  composition  of  the  layer  near  tlje  contact, 
resulting  from  the  selective  dissolution  of  Individual  steel  compo¬ 
nents,  c)  thermal  phenomena  (on  the  separation  boundary),  connected 
with  the  appearance  of  the  Peltier  effect,  and  many  others. 

To  prevent  oxidation  of  the  heavy  metals.  It  Is  advisable  to 
protect  them  not  with  pure  Inert  gases,  but  to  produce  a  reducing 
medium  (mixture  of  hydrogen  or  water  gas  with  an  Inert  gas). 

Control  over  the  chemical  comjposltlon  (principally  the  Impurity 
content)  should  be  exercised  on  local  samples  taken  from  different 
spots  in  the  stream,  which  characterize  not  only  the  content  but  also 
the  relative  distribution  of  the  suspensions  In  the  given  portion  of 
the  circuit. 
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